Characterisation and manipulation of aroma compounds and polycyclic aromatic hydrocarbons (PAHs) in kānuka smoke by Zhang, Yuanyang
 
 
CHARACTERISATION AND MANIPULATION OF 
AROMA COMPOUNDS AND POLYCYCLIC 








A thesis submitted for the degree of 
Doctor of Philosophy in Food Science  









As a food processing method, smoking has been used for the purpose of preserving, 
browning and flavouring food since ancient times. Derived from the thermal 
decomposition of biomass, normally wood, smoke contains hundreds of chemical 
compounds covering various classes that convey flavour and colour during the smoking 
of food. The conditions used to generate wood smoke for the purpose of smoking food 
greatly affect the formation of the resulting chemicals, and thus the flavour character of 
the smoked food. However, not much published research focuses on how to control the 
smoke generation conditions to manipulate levels of specific volatile organic compounds 
(VOCs) in the gas phase of smoke in order to manipulate the smoke flavour profile. 
Serious health and regulatory concerns also exist regarding the formation of suspected 
carcinogens, polycyclic aromatic hydrocarbons (PAHs), during smoke generation. Thus, 
there is a need to precisely control the smoke generation process to optimise the flavour 
levels, while minimising the levels of carcinogenic PAHs. In addition, no research has 
been published on the VOC and odour profiles of kānuka (Kunzea ericoides) wood 
smoke, a New Zealand indigenous hardwood species that is widely used in the local food 
industry and for exported food products. 
In this thesis, the overall research objective was to characterize the VOC composition, 
odour-active compounds and PAHs in kānuka smoke as a function of the smoke 
generation conditions. Three main steps were performed: 1) development of a laboratory-
scale smoke generator with which smoke could be generated and collected in a 
controllable manner, 2) identification of the odour-active compounds present in the gas 
phase of kānuka smoke, and 3) optimisation of the smoke generation conditions to 
maximize selected odour-active compounds while minimising the levels of PAHs.  
A laboratory-scale smoke generator was developed to enable smoke to be generated and 
collected in a controlled manner to analyse kānuka wood smoke. The characterisation of 
the output of this smoke generator was achieved by generating the smoke at two 
temperatures (280 °C and 480 °C) and supplying either air (21% oxygen) or nitrogen. 
The VOCs were extracted from the smoke generator using inline-sampling with stir-bar 
sorptive extraction (SBSE), and analysed using gas chromatography-mass spectrometry 




temperatures and atmosphere. Quantitative comparison of syringol (2,6-
dimethoxyphenol), guaiacol (2-methoxyphenol), phenol, m-cresol (3-methylphenol), 
acetol (hydroxyacetone), and furfural suggested that the formation of VOCs varied with 
the bed temperature and applied atmosphere. This demonstrated the possibility of 
manipulating the smoke composition using this laboratory-scale smoke generator. Eight 
polycyclic aromatic hydrocarbons (PAHs) with molecular weight no greater than 202 Da 
were also detected by SBSE. Higher temperature produced higher levels of PAHs, while 
the impact of atmosphere composition varied in a compound-specific manner. 
Using the developed laboratory-scale smoke generator, smoke was generated at four 
temperatures (180 °C, 280 °C, 380 °C and 480 °C) under either air or nitrogen to further 
characterise the VOC profile of kānuka wood smoke and to investigate the boundaries of 
temperature and atmosphere for further experimental design. GC-MS analysis of VOCs 
extracted by inline SBSE found more than three hundred compounds in kānuka wood 
smoke, of which phenols were the dominant class, followed by ketones and aldehydes. 
Principal component analysis (PCA) illustrated that temperature had a greater impact 
than atmosphere on the VOC formation; however, some large compound specific effects 
were observed. Comparison of 2,6-dimethylphenol, creosol, furfural, 2-methoxy-4-
propylphenol, 2-furanmethanol and 4-hydroxy-3,5-dimethoxybenzaldehyde 
demonstrated that their intensities varied with the smoke generation temperature under 
both air and nitrogen, implying that different VOC profiles can be developed. 
The odour profile of kānuka wood smoke was investigated by GC-MS/Olfactometry 
(GC-MS/O) assisted with a trained panel composed of six assessors. Smoke samples 
were generated under four selected conditions to cover broad enough ranges to avoid 
omission of potential odour-active compounds. The four conditions included 275 °C 
under air/nitrogen (50/50, v/v) (S1), 350 °C under air/nitrogen (50/50, v/v) (S2), 350 °C 
under nitrogen (S3) and 500 °C under air/nitrogen (50/50, v/v) (S4). Sixty-two odour 
regions were found above the selected threshold in at least one of the treatments. The 
odour profile of kānuka wood smoke was dominated by phenolic compounds with the 
highest in number, which was in agreement with findings from the VOC profile. The top 
five odour-active compounds that contributed most to the odour profile of kānuka wood 





trimethylnaphthalene. Twenty-nine odour regions exhibited a statistical difference 
between treatments, demonstrating the possibility of achieving different odour profiles 
by varying smoke generation conditions. At 350 °C, higher levels of the dominant odour-
active compounds such as guaiacol were generated. In contrast, harsher conditions (i.e. 
at 500 °C) yielded a greater number of compounds and higher levels of odour-active 
compounds that significantly differentiated the smoke generation treatments, e.g. 2-allyl-
4-methylphenol. The GC-MS/O analysis of kānuka wood smoke provided representative 
odour-active compounds to assist the investigation of how smoke generation conditions 
influenced the formation of odour-active compounds via a systematic experimental 
design. 
Using a response surface methodology (RSM), a central composite design (CCD) was 
applied to reveal how four smoke generation parameters (temperature, atmosphere, 
sweep gas flow rate and moisture content of wood powder) affected the formation of 
VOCs in kānuka wood smoke. Forty-two compounds were identified depending on the 
mass spectra and retention indices (RI). Important odour-active compounds were selected 
based on GC-MS/O results to investigate in more detail. Analysis of variance (ANOVA) 
of 2-furanmethanol, 3-methyl-1,2-cyclopentanedione, guaiacol, creosol, syringol and 
vanillin showed that temperature was the most influential factor. The response surface 
plots were constructed to visually evaluate the effects of selected smoke generation 
conditions and their interactions on these compounds that represent the intense odour-
active compounds and cover the major chemical classes.. The optimized conditions to 
reach the highest levels of the six compounds were also determined. For instance, the 
highest response of vanillin that was found with the highest odour response from GC-
MS/O analysis was predicted to occur under the following conditions: 500 °C, 100% air, 
250 mL of sweep gas and wood powder with 0% moisture content (dried at 105 °C for 2 
hours), which was supported by the high level of consistency between the predicted and 
experimental response. 
Along with the investigation of selected odour-active compounds, the relationship 
between detected levels of PAHs and smoke generation conditions were also researched 
using RSM. Results demonstrated that temperature had the highest impact on all sixteen 
priority PAHs assigned by the U.S. Environmental Protection Agency (EPA), though 




importance of atmosphere or sweeping gas flow rate varied in a compound-specific way. 
When the temperature was 350 °C or lower, concentrations of all the U.S. Environmental 
Protection Agency (EPA) listed PAHs were low or below the detection limit with only a 
slight increase with temperature regardless of levels of other smoke generation 
parameters. This observation indicates that the odour profile of kānuka wood smoke 
could be manipulated while maintaining relatively low level of PAHs, if high temperature 
(e.g. > 350 °C) could be avoided.  
In conclusion, this thesis characterises the VOC profile of kānuka wood smoke and 
identifies the odour-active compounds that contribute to its odour character for the first 
time. This thesis provides knowledge on how to tailor levels of odour-active compounds 
to control flavour, while minimising PAHs by manipulating the smoke generation 
parameters. 
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As one of the oldest food processing technologies, smoking has been widely used for 
thousands of years to preserve food and provide distinct flavouring, which is due to the 
penetration of smoke compounds into the food product. However, with the development 
of modern preservation techniques, such as refrigeration and vacuum packaging, the 
preservation effect induced by food smoking is now less important to consumers. 
Currently it is the distinct sensory advantages that provide the added value to products 
from food smoking (Cardinal et al., 2004). However, serious health and regulatory 
concerns exist regarding the formation of polycyclic aromatic hydrocarbons (PAHs) 
during smoke generation (Zelinkova & Wenzl, 2015). 
Although there are multiple technology options to process food (e.g. drying, freezing, 
salting, etc.), the consumption of smoked foodstuffs is on the rise, including examples 
such as sausages, meat, fish, bacon, and cheese. The worldwide market for smoked meat 
has witnessed an increase of 1.91% to $32.34 billion US dollars in 2015 compared to 
2014 (MarketWatch, 2019a). The worldwide market for smoked salmon is predicted to 
grow by 4.9% over the next five years, from U.S. $ 9.5 billion in 2019 to U.S. $12.1 
billion in 2024 (MarketWatch, 2019b). This potential for growth of smoked foodstuffs 
provides an important export opportunity for the New Zealand food industry and provides 
a research incentive to better understand the smoking process to assist the industry to 
improve quality, consistency and value to maximise earnings. This thesis will focus on 
improving the understanding of volatile organic compounds (VOCs), including PAHs, 
and odour profiles of wood smoke, and the impact of smoke generation conditions on 
VOCs generated, and thus provide guidance to the food industry on the impact of smoke 
generation parameters on smoke flavour and PAHs. 
Food smoking is a process of smoke deposition onto the food surface to produce distinct 
flavours by aromatising and browning food. The smoke that is used for smoking food is 
produced via thermal decomposition of biomass, normally wood or wood-chips. This 
unit operation step is known as ‘smoke generation’. The wood used for smoking varies 
and different woods and feedstock characteristics impart distinct flavour characteristics 
to smoked food. For instance, beech and oak are the most common wood source in the 
food industry in Europe, while hickory is commonly used in the U.S. (Simon, de la Calle, 
Palme, Meier, & Anklam, 2005). In New Zealand, the local hardwood species, kānuka 
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(Kunzea ericoides) is widely used for its distinct flavour character. For historic reasons 
kānuka is typically labelled as mānuka (Leptospermum scoparium) in the New Zealand 
food industry. These names have been used interchangeably and both are collectively 
known as tea tree, and they were originally classified as the same botanical genus until 
1983 due to their similar appearance. Kānuka varies in size, from a shrub to a 10-meter 
or more tree, while mānuka is a common shrub or small tree. This difference in size 
means that kānuka dominates the market in New Zealand for food smoking.  
The physical nature of smoke is characterised as an aerosol comprised of water vapour, 
condensed liquid droplets, solid particles and a complex composition of gas phase 
compounds (Hampikyan & Colak, 2010). Hundreds of chemicals contribute to the aroma 
attributes of smoked food products. The chemical classes comprise of phenols, 
aldehydes, ketones, organic acids, esters, lactones and furans (Šimko, 2002). 
Unsurprisingly, these compounds play different roles and have varying impacts on 
flavour. For example, aldehydes are believed to contribute to colour formation, while 
phenols act as flavours, antioxidants and inhibitors of microbial growth (Hollenbeck, 
1994; Muratore, Mazzaglia, LANZA, & Licciardello, 2007; Rizo et al., 2013; Varlet, 
Prost, & Serot, 2007). The formation of these chemicals and the resultant flavour 
character and intensity varies with smoke generation conditions, such as temperature, 
atmosphere and feedstock (type, moisture content and particle size, etc.) (Beaumont & 
Schwob, 1984; Kim, Bai, Rover, & Brown, 2014; Maga, 1987). Although some existing 
studies on the effect of smoke generation conditions on the VOC composition of smoke 
have been conducted, these have typically been carried out on an ad-hoc or empirical 
basis based on historical evidence specific to their smoke generation system, which 
provides an opportunity to investigate the smoke generation process in a more systematic 
manner in order to manipulate the VOC composition of smoke to achieve a target odour 
profile.  
In spite of customers’ preference for the flavour of smoked foodstuffs, there are 
longstanding safety concerns about the existence of harmful PAHs in smoked food 
products (Essumang, Dodoo, & Adjei, 2012; Pöhlmann, Hitzel, Schwägele, Speer, & 
Jira, 2012; Stołyhwo & Sikorski, 2005; Yurchenko & Mölder, 2005). PAHs can easily 
form from the incomplete combustion of biomass under a limited oxygen supply (Wang, 
Wang, & Herath, 2017) and from the pyrolysis of fats during food processing, such as 
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smoking, grilling and toasting (Yurchenko & Mölder, 2005). To diminish the harm of 
PAHs to the public, various authorities around the world have issued regulations and 
guidelines. For instance, the U.S. Environmental Protection Agency (EPA) has classified 
seven PAHs as probable human carcinogens. These are benz(a)anthracene, 
benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, 
dibenz(a,h)anthracene, and indeno(1,2,3-c,d)pyrene (EPA, 1993). The European Union 
(EU) tightened regulations regarding the maximum PAH levels in imported smoked food 
products in September 2014, stipulating the limits as 5.0 μg/kg for benzo(a)pyrene and 
30.0 μg/kg for the sum of benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene and 
chrysene (Commission, 2014).  
Considerable research has been carried out to investigate how smoke generation 
parameters influence smoke VOC composition (Fretheim, Granum, & Vold, 1980; 
Guillén & Ibargoitia, 1999; Pöhlmann, Hitzel, Schwägele, Speer, & Jira, 2013) and the 
VOC composition of smoked food products. However, there is very little research 
focusing on how to manipulate the smoke generation conditions to achieve levels of 
specific VOCs in the gas phase of smoke. Limited research has considered both aspects 
of maximising the flavour levels while minimising the levels of carcinogenic PAHs at 
the same time, thus presenting a current knowledge gap in the field. In addition, to our 
best knowledge, there is no published data regarding VOCs that contribute to the flavour 
character of kānuka wood smoke. Given the fact that smoking in New Zealand is 
normally conducted by trial and error by artisans based on their experience and informal 
tasting, a knowledge gap exists in the public domain to be filled through systematic 
research to improve the consistency and quality of wood smoke used for smoking food 
products.  
This research will allow development of technology and science knowledge to generate 
and analyse “tuneable” kānuka smoke by changing the conditions of smoke generation 
to influence the concentration of key odour-active compounds, while minimising harmful 
PAHs. From a long-term perspective, there is also potential to determine “optimal” 
kānuka smoke and translate this into best-practice by the New Zealand food industry. 
The research methodology could be then applied to other wood types that are used for 
smoking food. 
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1.2 Research objectives and thesis outline 
The main research objective was to characterize the VOC composition and odour-active 
compounds and PAHs in kānuka smoke as a function of the smoke generation 
parameters.  
To address the main objective, five specific research objectives were designed as 
depicted in Figure 1.1: 
1) To develop an online sampling methodology and analytical method(s) for the 
analysis of VOCs in smoke samples (Chapter 3). 
2) Using the developed laboratory-scale smoke generator, investigate the boundaries 
of smoke generation conditions on VOCs generated for further response surface 
modelling (Chapter 4). 
3) To determine the odour-active compounds in kānuka smoke using gas 
chromatography-mass spectrometry/olfactometry (GC-MS/O) with a trained 
panel of six panellists (Chapter 5). 
4) Investigate the impact of smoke generation conditions on levels of odour active 
compounds using response surface modelling (RSM) (Chapter 6). 
5) Investigate the impact of smoke generation conditions on levels of PAHs using 
response surface modelling (RSM) (Chapter 7). 
This research attempted to answer the following questions after addressing the research 
objectives: 
1) How to design a laboratory-scale smoke generator that could produce stable and 
reproducible wood smoke? 
2) How to measure and identify the VOCs of kānuka wood smoke by gas 
chromatography-mass spectrometry (GC-MS)? 
3) How to determine the odour-active VOCs and establish the odour profile of wood 
smoke by GC-Olfactometry? 
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4) Under what conditions can the concentration of key odour-active compounds be 
maximized while maintaining the generation of harmful PAHs at relatively low 
levels? 
This thesis consists of eight chapters, including introduction, literature review, five 
experimental chapters, and a general discussion, future outlook and conclusions as 
outlined in Figure 1.1. Each specific research objective was investigated in an individual 
experimental chapter, containing specific introduction, materials and methods, results 
and discussion, and conclusions. The general discussion, future outlook and conclusions 
are given in Chapter 8 to address how this thesis meets the main objectives, the key 
findings and novelty of this study, limitations and future recommendations. 




Figure 1.1 A schematic overview of the structure of the thesis.  
Chapter 6 
Optimisation of smoke generation conditions 
for odour-active compounds in Kānuka wood 
smoke by RSM 
Introduction 
General discussion and conclusion 
Objective 1 
To develop an online sampling methodology 
and analytical method(s) for the analysis of 
smoke samples. 
Objective 3 
To determine the odour-active compounds in 
Kānuka smoke using gas chromatography 
olfactometry (GC-O) with a trained panel of 
assessors. 
Objective 4 
Investigate the impact of smoke generation 
conditions on odour active compounds using 
response surface modelling (RSM). 
Chapter 2 
Chapter 3 
Development and characterisation of 
laboratory-scale smoke generator 
Chapter 8 
Chapter 4 
Changes in wood smoke volatile composition 





Characterisation of odour-active compounds 
in Kānuka wood smoke using GC-MS/O 
Chapter 7 
Investigation of influence from smoke 
generation conditions on PAHs by RSM 
Objective 2 
Using the developed laboratory-scale smoke 
generator, investigate the boundaries of smoke 
generation conditions for further response 
surface modelling. 
Objective 5 
Investigate the impact of smoke generation 
conditions on levels of PAHs using response 
surface modelling (RSM). 
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2.1 Outline of Literature Review 
The main research objective of this thesis is to characterize the VOC composition and 
odour-active compounds and PAHs in kānuka smoke that is widely used for smoking 
food in New Zealand, and to investigate how smoke generation parameters influence its 
VOC and odour profiles. To assist the conceptual design of the project and experiments, 
this literature review aims to explore the background of food smoking, thermal 
decomposition of wood, formation and analysis of polycyclic aromatic hydrocarbons 
(PAHs), smoke generation parameters, sampling and analysis of volatile organic 
compounds (VOCs) and aroma compounds in smoke. 
2.2 What is smoking? 
2.2.1 Background of food smoking 
The smoking of food has been an important processing technique for thousands of years 
for food preservation and to convey distinctive flavour characteristics. The primary 
objective of preserving food by smoking has become less important due to the 
improvement of other modern technologies, such as refrigerated storage and transport. 
Conversely, consumer demand for the distinct flavour from smoking has never been 
dampened (Cardinal et al., 2004).  
Smoking is the process of introducing flavours and colours to food that is exposed to the 
smoke generated from burning or smouldering biomass, typically woods. Commercially, 
smoking is mainly applied to meat products (Fafioye, Efuntoye, & Osho, 2002; Hattula, 
Elfving, Mroueh, & Luoma, 2001; Pöhlmann et al., 2012, 2013; Stołyhwo & Sikorski, 
2005), but also to other food products, such as cheese (Majcher, Goderska, Pikul, & Jelen, 
2011; Soldera, Sebastianutto, & Bortolomeazzi, 2008).  
The smoking process deposits chemical components onto the surface of food products to 
provide aroma and preserve them, making products with distinct sensory profile and 
extending their shelf life. During the deposition process, some of the components react 
with fat and proteins in food, while others will remain unchanged. The smoke that is used 
for smoking food is produced via thermal decomposition of biomass, normally wood or 
wood-chips, without or under limited access of oxygen. The chemical composition and 
sensory profile of wood smoke varies with different wood species, even tree parts (root, 
stem or branch), due to the different chemical composition of the feedstock. Elemental 
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analysis suggests that the contents of carbon, hydrogen, and oxygen in wood are about 
50%, 6%, and 44%, respectively, corresponding to 65% - 75% carbohydrate 
(hemicellulose and cellulose) and 18% - 35% lignin, which are the major chemical 
components (Pettersen, 1984). Normally, hardwoods (hickory, oak, beech, etc.) are 
considered to be better for smoking compared to softwoods (pine, fir, etc.) as they contain 
lower levels of resin and higher levels of methoxy substitutions, which are related to the 
formation of phenols that contribute to flavour (Maga, 1992). In general, hardwood lignin 
contains guaiacyl and syringyl units, while in softwood lignin the major constituent is 
guaiacyl units, leading to the different levels of methoxy substitutions (Dutta et al., 2018). 
Alder, as a naturally widespread wood species, was the traditional wood for food 
processing in Europe. However, oak is currently more frequently employed, followed by 
beech. Hickory, along with fruit-tree woods, such as apple, cherry, and plum, are popular 
for smoking in North America. In New Zealand, the indigenous wood species, Kānuka 
(Kunzea ericoides) is predominantly used in the food industry for its distinct and 
desirable flavour.  
The composition of wood smoke is dominated by phenols and their derivatives, 
aldehydes, ketones, organic acids and their esters, lactones, pyrazines, pyrols and furan 
derivatives (Šimko, 2002). Among these compounds, some of them are odour-active 
which are responsible for food aromatisation, while some are antioxidants and inhibitors 
of microbial growth that slows down the biological processes and oxidative damage, thus 
contributing to food preservation (Muratore et al., 2007; Rizo et al., 2013; Varlet et al., 
2007). For example, through the Maillard reaction the aldehydes generated through the 
thermal decomposition of cellulose react in the smoke house with the amino groups of 
proteins present in the food to ultimately form melanoidins, and the phenolic compounds 
derived from lignin provide flavour, bacteriostatic activity and anti-oxidant activity 
(Hollenbeck, 1994). However, wood smoke also contains undesirable compounds, such 
as harmful polycyclic aromatic hydrocarbons (PAHs) and hence contaminates food 
products (Essumang et al., 2012; Pöhlmann et al., 2012; Stołyhwo & Sikorski, 2005; 
Yurchenko & Mölder, 2005). Hence, it is important to understand how to minimise the 
level of PAHs during smoke generation. However, PAHs can also form whenever food 
is grilled, fried, barbecued or roasted (Jones, Ripberger, Eyres, Silcock, & Archer, 2017), 
thus an improved understanding of PAH formation during food processing is required, 
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not just during smoke generation steps (Cardinal, Cornet, Serot, & Baron, 2006; Chen & 
Lin, 1997; Ciecierska & Obiedziński, 2007; Knize, Salmon, Pais, & Felton, 1999). 
2.2.2 Methods of smoking  
In brief, the smoking process involves two steps: smoke generation in the smoke 
generator and smoke deposition onto food products in the smokehouse where the 
products are situated. These two steps are the fundamental principles for all commercial 
smokehouse.  
Three smoking approaches have been used: the traditional method by incomplete 
combustion, including cold and hot smoking; high-voltage-electrostatic-field-accelerated 
smoking and liquid smoking (Goulas & Kontominas, 2005). According to Sérot et al. 
(2004), the deposition of phenolic compounds from smoke was strongly influenced by 
the smoking method applied, hence determination of phenolic compounds can then be 
used for discrimination of smoking processes, such as traditional smoking by friction and 
smouldering, liquid smoke atomisation and electrostatic smoking. Sigurgisladottir et al. 
(2000) investigated the effects of cold smoking (at 20 °C  & 30 °C) and  electrostatic 
smoking on the microstructure, the texture and yield of Atlantic salmon (Salmo salar) 
fillets. They found small differences in the cross-sectional area between smoked fillets 
treated with different processing methods.  
Cold smoking refers to a process carried out at low temperature (20 °C - 30 °C) that 
avoids cooking but preserves and infuses food with smoked flavours. Under these 
conditions, food products are deposited with smoked flavours, but remain relatively raw 
rather than cooked. Depending on the types of food being smoked, cold smoking can take 
anywhere from a few hours to a few days. 
Unlike cold smoking that just imparts chemical compounds from smoke onto the food, 
hot smoking cooks the food simultaneously because the process occurs at higher 
temperature compared with cold smoking, normally above 60 °C. Hot smoking generates 
sufficient heating to produce ready-to-eat food products. The duration of hot smoking is 
typically for a few hours. Due to the high temperature, this process is also a pasteurizing 
process and the preservative effect varies with the composition and preparation of raw 
material and smoke as well as the smoking environment, such as temperature, time and 
relative humidity (Goulas & Kontominas, 2005). Bilgin and co-workers (2008) 
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investigated the chemical composition and sensory differences between fresh, salted and 
smoked Gilthead Seabream (Sparus aurata L., 1758). Significant differences between 
samples were observed for moisture, protein, fat, ash and sodium chloride content. 
Compared with fresh samples, the salting and smoking processes increased the protein 
and fat levels due to loss of water. In addition, statistically significant changes were 
observed in all sensory parameters between cold and hot smoked samples. In general, the 
hot smoked samples were rated as more desirable, in particular for flavour and odour by 
a trained panel of ten panellists.  
Instead of applying the smoke directly to the food products, liquid smoke is produced by 
condensing the smoke derived from the thermal decomposition of biomass into a liquid. 
This liquid can then be applied to flavour food providing an alternative smoking method. 
Usually, liquid smoke is fractionated, purified or refined prior to adding to food products. 
These smoke pre-treatment steps allow the selective removal of undesirable chemical 
compounds. Compared to the traditional incomplete combustion smoking method, the 
use of liquid smoke also allows offsite smoking of food without the need to connect to a 
smoke generation unit and hence provides a simpler and more sanitary process than 
sawdust handling and smokehouse cleaning (Schneck, 1981). Liquid smoke also allows 
for consistent and uniform flavouring and colouring strength (Cadwallader, 2007). In 
addition, the content of harmful compounds, in particular PAHs, can be controlled more 
easily by fractionation and purification (Simon et al., 2005). The liquid smoke process 
also diminishes the emissions of PAHs to the environment (Hattula et al., 2001; Schneck, 
1981). According to Schneck (1981), the application methods for liquid smoke to the 
food products can be categorised into two ways: outside the smokehouse and inside the 
smokehouse application. The easiest way is direct addition to food, although this has the 
major disadvantage that the colouring effect on the food surface is reduced due to the 
dispersion of liquid smoke throughout the food products. Another efficient way for 
impregnating the product with smoke colour and flavour is by dipping or spraying which 
allows adjustment of contact time and solution concentration. The most commonly used 
application inside the smokehouse is through atomisation of the liquid smoke. The liquid 
smoke is atomized with atomisation nozzles in the presence of pressurised air, creating 
vaporous recombined ‘smoke’. This process avoids loss of smoke flavours to the 
environment and interruption of product flow. Another type of inside-the-smokehouse 
application is vaporisation by which the liquid smoke is sprayed onto a heated surface 
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followed by immediate vaporisation into a smoke vapour cloud for smoking products. 
The deposition efficiency is improved compared with that of atomisation (Schneck, 
1981).  
The efficiency of smoke diffusion and deposition during the smoking process is 
determined by several factors, such as density, temperature, and moisture of the smoke 
and moisture of products and the velocity of air circulating around the product (Baron, 
Havet, Solliec, Pierrat, & Touchard, 2008). Traditional smoking process methods, either 
cold/hot smoking or liquid smoke, are time-consuming to some extent (several hours to 
a few days). One alternative method for effective and fast smoking to hasten the 
deposition of flavours onto food products is electrostatic smoking, with which the smoke 
particles are ionized and precipitated on the products to be smoked, and hence the 
processing duration can be shortened to only a few minutes (Baron et al., 2008).  
2.3 Composition of wood smoke 
2.3.1 Definition of wood smoke  
The physical nature of smoke is characterised as an aerosol comprised of water vapour, 
condensed liquid droplets, solid particles and a complex composition of gas phase 
compounds (Hampikyan & Colak, 2010). The definition of smoke in the literature varies 
depending on researchers. Horner (1997) stated that “Smoke is an emulsion of droplets 
in a continuous phase of air and vapours stabilized by electrostatic charges on the 
droplets”. According to Gross et al. (1967), smoke is the gaseous products containing 
small solid and liquid particles from the burning of organic materials. Hampikyan and 
Colak (2010) defined the smoke used for smoking food as “a mixture of air, water vapour, 
CO2, CO, and at least several hundred organic compounds, present in the aerosol at 
different concentrations either in the gaseous/vapour phase, or dispersed as tiny liquid 
droplets or particles”. Simko (2005) regarded smoke as “a polydisperse mixture of liquid 
and solid components with diameters of 0.08 - 0.15 μm in the gaseous phase of air, carbon 
oxide, carbon dioxide, water vapour, methane, and other gases.”. From a food processing 
perspective, smoke is the product of the thermal decomposition of biomass, typically 
wood, and is made of gaseous products and small particles. The chemical composition is 
dominated by numerous volatile organic compounds (VOCs), many of which are odour-
active and contribute to smoke flavour in foods. In addition to the odour active VOCs, 
wood smoke also contains harmful components typified by polycyclic aromatic 
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hydrocarbons (PAHs) (Cadwallader, 2007; García-Falcón & Simal-Gándara, 2005; 
Phillips, 1999; Simoneit, 2002), which are discussed in Section 2.4.  
2.3.2 Thermal decomposition of three main components of biomass 
The thermal decomposition products of wood are very chemically complex and the 
composition and concentration varies markedly with different smoke generation 
conditions and types of wood (Cadwallader, 2007). As shown in Table 2.1, different 
biomass from different sources has different contents of the three main constituents: 
cellulose, hemicellulose and lignin. Compared to softwood, hardwood has lower levels 
of lignin and hemicellulose but is richer in cellulose, and hence leads to different thermal 
decomposition products. To some extent, the wood thermal decomposition products can 
be categorized based on their sources: cellulose, hemicellulose and lignin. It was 
originally believed that these three components were thermally decomposed 
independently without any interaction (Orfao, Antunes, & Figueiredo, 1999; Varhegyi, 
Antal, Jakab, & Szabó, 1997; Yang et al., 2006). In other words, the yields of different 
products are approximately the same as would be produced by pyrolysing proportional 
amounts of cellulose, hemicellulose and lignin (Gilbert & Knowles, 1975). However, 
recent studies have revealed interactions among those three components. It was found 
that hemicellulose showed strong interaction with lignin at < 327 °C and with cellulose 
at > 327 °C, resulting in decreasing formation of furfural and levoglucosan by lignin and 
hemicellulose, respectively (Liu, Zhong, Wang, & Luo, 2011). The findings were 
supported by research that investigated the interaction of hemicellulose and cellulose 
during fast pyrolysis (Wu, Shen, Hu, Zhang, & Xiao, 2016).  
Table 2.1 Content of cellulose, hemicellulose and lignin in different biomass 
(McKendry, 2002). 
Biomass Lignin (%) Cellulose (%) Hemicellulose (%) 
Softwood 27-30 35-40 25-30 
Hardwood 20-25 45-50 20-25 
Wheat straw 15-20 33-40 20-25 
Switchgrass 5-20 30-50 10-40 
Worasuwannarak et al. (2007) observed significant interactions between cellulose and 
lignin during pyrolysis, which inhibited the formation of tar but promoted the yields of 
char. According to Wang et al. (2008), the pyrolysis behaviour as determined by 
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thermogravimetric analysis (TGA) (rate of weight loss and final weight loss) of purified 
cellulose was slowed by the presence of purified lignin and/or hemicellulose. However, 
no obvious interaction between lignin and hemicellulose on pyrolysis behaviour was 
observed. The lack of interaction between hemicellulose and lignin was not in agreement 
with the findings of Liu et al. (2011), probably due to differences in the pyrolysis 
atmosphere (nitrogen versus hydrogen). More recently, Wang et al. (2011) also 
concluded that the pyrolysis characteristics of biomass could not be predicted directly 
based on the thermal behaviour of these three components individually, due to the 
significant impact from interactions between the components on the product yields, in 
particular chemicals with high molecular weight in the condensate collected at -45 °C. 
Apart from the effect of these three main components, it is interesting to note that the 
levels of inorganic substances (such as potassium, sodium, calcium and magnesium) also 
have a significant impact on wood pyrolysis due to a catalytic effect on the thermal 
decomposition reactions (Hosoya, Kawamoto, & Saka, 2007a; Kleen & Gellerstedt, 
1995). Eom et al. (2012) observed an acceleration of formation for C6 lignin derivatives 
(e.g. phenol, guaiacol and syringol) by increasing the potassium content. Patwardhan et 
al. (2010) also concluded that mineral salts and higher temperatures promoted the 
formation of compounds with low molecular weight (such as formic acid and acetol) 
from cellulose. 
Thermal decomposition of cellulose:  
As an important structural component that forms the cell wall of green plants, cellulose 
is generally the most abundant fraction among the components of biomass, accounting 
for about 40% - 50% by weight (McKendry, 2002). Cellulose is a polysaccharide 
composed of a linear chain of numerous of d-glucose units connected by β-1,4 glycosidic 
bonds (Figure 2.1).  
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The initial reaction is the formation of levoglucosan from the depolymerisation of 
cellulose, followed by dehydration and isomerisation of levoglucosan form other 
anhydrosugars such as levoglucosenone (Zhang, Yang, & Dong, 2013). Thereafter, as 
the second pathway that generally takes place above 300 ℃, fragmentation of these 
anhydrosugars leads to the formation of hydroxyacetone and glycolaldehyde, while 
dehydration and condensation result in furans and retroaldol. The inorganic gaseous 
products CO2 and CO are produced from decarbonylation and decarboxylation reactions 
while formation of char is due to polymerisation of chemicals from the pyrolysis (Lin, 
Cho, Tompsett, Westmoreland, & Huber, 2009; Simoneit, 2002).  
Thermal decomposition of hemicellulose:  
Hemicellulose is composed of a range of non-cellulosic carbohydrates (Pushkaraj R 
Patwardhan, Robert C Brown, & Brent H Shanks, 2011) and typically represents 20 - 
40% of the biomass by weight (McKendry, 2002). It is noteworthy that the exact 
polymeric structure of hemicellulose depends on its source. In brief, hardwoods contain 
more pentosans while softwoods may be richer in hexosans (Gilbert & Knowles, 1975). 
Unlike cellulose that is exclusively made up of glucose, hemicellulose is a grouping of 
different polysaccharides that are amorphous with a more diverse monosaccharide 
composition, made up of glucose, mannose, galactose, xylose, arabinose, as well as o-
methyl-glucuronic acid, and galacturonic acid. Due to the diverse nature of 
hemicellulose, which also varies with between wood sources, extraction of the native 
hemicellulose is difficult (Pecha & Garcia-Perez, 2020). Therefore, commercially 
available xylan (Figure 2.2) has often been used as a representative for hemicellulose 
(Pushkaraj R Patwardhan et al., 2011). The pyrolysis products of hemicellulose can be 
categorised into three groups: low-molecular-weight compounds, furan/pyran ring 
derivatives and anhydrosugars (Pushkaraj R Patwardhan et al., 2011). According to Qu 
and co-workers (2011), the bio-oil from pyrolysis of xylan is mainly made up of acids, 
ketones, aldehydes, and phenols. Thermal decomposition of hemicellulose yields 
chemicals such as methanol, formaldehyde, and acetic acid, representing the major 
volatiles in liquid smoke flavourings (Cadwallader, 2007). 
































Figure 2.2 Chemical structure of xylan (representative for hemicellulose). 
Thermal decomposition of lignin:  
As the second-most abundant constituent of lignocellulosic biomass after cellulose, 
lignin forms important structural materials in the support tissues of vascular plants 
(Lange, Decina, & Crestini, 2013; Martone et al., 2009). This amorphous and 
polyphenolic material is generated from enzymatic dehydrogenative polymerisation of 
three precursors: coniferyl alcohol (4-(3-hydroxy-1-propenyl)-2-methoxyphenol), 
sinapyl alcohol (4-((1E)-3-hydroxyprop-1-enyl)-2,6-dimethoxyphenol), and p-coumaryl 
alcohol (4-(3-hydroxy-1-propenyl)-phenol) (Figure 2.3), which are known as 
phenylpropanoid monomers (Gargulak, Lebo, & McNally, 2001; Saiz-Jimenez & De 









p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol  
Figure 2.3 Chemical structures of three precursors of lignin. 
Depending on the plant species, lignin represents 24 - 33% and 19 - 28% of weights of 
normal softwoods and temperate-zone hardwoods on a dry basis and contributes 40% of 
the energy content of lignocellulosic biomass (Gargulak et al., 2001; Lange et al., 2013). 
Generally, the thermal decomposition of lignin in wood produces phenols, aldehydes, 
ketones, acids and alcohols, normally with the retention of the original substituents on 
the phenyl ring (Simoneit, 2002). From the smoke flavouring point of view, lignin is 
reputed to produce the most important odour-active compounds, namely phenols and 
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phenolic ethers, such as guaiacol, syringol and their homologs, as well as derivatives with 
methyl, ethyl, propyl, vinyl, ally1 and propenyl as the substituent groups (Gilbert & 
Knowles, 1975). Saiz-Jimenez and De Leeuw (1986) investigated the pyrolysis products 
of isolated lignin from hardwood, softwood, grass and synthesized lignin. In brief, the 
dominant chemicals from pyrolysis of hardwood lignin are guaiacyl and syringyl 
derivatives, such as syringaldehyde, coniferyl alcohol and sinapyl alcohol. However, soft 
wood lignin yields predominantly guaiacyl derivatives with coniferaldehyde and 
coniferyl alcohol being the major compounds. By contrast, grass lignin mainly gave rise 
to p-vinylphenol with other guaiacyl and syringyl products identified. By looking into 
the chemical structure of lignin, compared to the aromatic rings, the heterocyclic furan 
and pyran rings and ether linkages are relatively vulnerable, leading to the speciation of 
guaiacol and its homologs. In addition, hard wood lignin contains additional methoxy 
substituents that form syringol or its para-substituted derivatives during pyrolysis 
(Gilbert & Knowles, 1975).  
Due to the complexity of thermal decomposition of cellulose, hemicellulose and lignin, 
hundreds of VOCs have been reported from different types of biomass species. As shown 
in Table 2.2, ten VOCs were selected as representative compounds covering different 
chemical classes that were found to originate from the thermal decomposition of the three 
main components in biomass: cellulose, hemicellulose and lignin. It is not surprising that 
VOCs were found from different biomass species because of the qualitatively similar 
composition with cellulose, hemicellulose and lignin as the main components. Refer to 
Table A.1 for a comprehensive list of aroma compounds from thermal decomposition of 
biomass from the literature.  
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Table 2.2 Selected compounds reported from the thermal decomposition of various types of biomass in literature 
Compound Name CAS Origin † 
Reported Biomass Species in 
literatures Reference 
2-furanmethanol 98-00-0 C oak, rice husk, black tea leaves, pine, cottonwood, hickory 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, Wasserman, & Salay, 1966; Guillén & 
Manzanos, 2002; Knowles, Gilbert, & McWeeny, 1975; Lustre & Issenberg, 1969; Pino, 2014; Sung, 
2013) 
hydroxyacetone 116-09-6 HC, C hickory, rice husk, black tea leaves, yellow pine 
(Fiddler, Doerr, & Wasserman, 1970; Fiddler et al., 1966; Pino, 2014; Stefanidis et al., 2014; Sung, 2013) 
(Demirbaş, 2002; Zhao, Jiang, & Chen, 2017) 
furfural 98-01-1 HC, C 
tobacco, oak, black tea leaves, 
hickory, alder, pine, cottonwood, 
rice husk 
(Bassilakis, Carangelo, & Wojtowicz, 2001; Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, 
et al., 1970; Fiddler et al., 1966; Guillén & Manzanos, 2002; Kim, Kurata, & Fujimaki, 1974; Kjällstrand 





765-70-8 HC, C switchgrass, oak, rice husk, black tea leaves, hickory 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Guillén & Manzanos, 1996; Guillén 
& Manzanos, 2002; Knowles et al., 1975; Kostyra & Baryłko-Pikielna, 2006; Lustre & Issenberg, 1969; 
Maga, 1987; Pino, 2014; Sung, 2013; Xin, Yang, Chen, Wang, & Chen, 2013; Yang, Sarkar, Kumar, 
Tumuluru, & Huhnke, 2014; Zhao et al., 2017) 
acetic acid 64-19-7 HC, C 
pine, cottonwood, oak, rice husk, 
hickory, cherry, bamboo, cedar, 
tobacco 
(Alvarado, Cady-Pereira, Xiao, Millet, & Payne, 2011; Bassilakis et al., 2001; Cadwallader, 2007; Edye 
& Richards, 1991; Fiddler et al., 1966; Fujimaki, Kim, & Kurata, 1974; Guillén & Manzanos, 2002; Kim 
et al., 1974; Larson & Koenig, 1994; Maga, 1987; Pino, 2014; Yokelson et al., 1999) 
phenol 108-95-2 HC, C, L 
tobacco, rice husk, black tea 
leaves, hickory, alder, oak, 
cherry, pine, bamboo, cedar, 
cottonwood 
(Alvarado et al., 2011; Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et al., 1970; Fiddler et 
al., 1966; Fujimaki et al., 1974; Guillén & Manzanos, 1996; Kim et al., 1974; Kim et al., 2011; 
Kjällstrand & Petersson, 2001; Knowles et al., 1975; Larson & Koenig, 1994; Lustre & Issenberg, 1969; 
Maga, 1987; Montazeri, Oliveira, Himelbloom, Leigh, & Crapo, 2013; Pino, 2014; Sung, 2013; Yokelson 
et al., 1999; Zhao et al., 2017) 
benzofuran 271-89-6 L alder, pine, cottonwood (Edye & Richards, 1991; Kjällstrand & Petersson, 2001; Wu, Wang, Huang, & Williams, 2013) 
syringol 33512 L 
oak, rice husk, hickory, pine, 
cottonwood, cherry, bamboo, 
cedar 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Fujimaki et 
al., 1974; Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; Kawamoto, 2017; Kim et al., 2011; 
Knowles et al., 1975; Kostyra & Baryłko-Pikielna, 2006; Larson & Koenig, 1994; Lustre & Issenberg, 
1969; Maga, 1987; Montazeri et al., 2013; Pino, 2014; Vichi et al., 2007) 
guaiacol 90-05-1 L 
black tea leaves, hickory, 
cottonwood, rice husk, oak, 
cherry, pine, bamboo, cedar 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Fujimaki et 
al., 1974; Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; Hedberg et al., 2002; Kim et al., 1974; 
Kim et al., 2011; Knowles et al., 1975; Kostyra & Baryłko-Pikielna, 2006; Larson & Koenig, 1994; 
Lustre & Issenberg, 1969; Maga, 1987; Montazeri et al., 2013; Pino, 2014; Sung, 2013; Vichi et al., 
2007; Yan et al., 2019) 
vanillin 121-33-5 L pine, oak, eucalyptus, rice husk, hickory, cottonwood, birch 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Guillén & 
Manzanos, 1996; Guillén & Manzanos, 2002; Hedberg et al., 2002; Kim et al., 2011; Lustre & Issenberg, 
1969; Montazeri et al., 2013; Nolte, Schauer, Cass, & Simoneit, 2001; Pino, 2014; Vichi et al., 2007) 
† C - cellulose; HC - hemicellulose; L - lignin; refer to Table A.1 for a comprehensive list of aroma compounds from thermal decomposition of 
biomass. 
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As shown in Figure 2.4, using a thermogravimetric analyser coupled with Fourier 
transform infrared spectroscopy, pyrolysis characteristics of the major components of 
lignocellulosic biomass showed that hemicellulose is least heat-stable with the weight 
loss mainly occurring below 300 ℃, followed by cellulose below 400 ℃. Unlike 
hemicellulose and cellulose, the thermal decomposition of lignin occurs within a wide 
temperature range (from 160 ℃ to 900 ℃) (Yang, Yan, Chen, Lee, & Zheng, 2007). The 
random, amorphous structure with little inherent physical strength and chemical 
resistance leads to poorer thermal stability of hemicellulose (Li, Rowbotham, Greenwell, 
& Dyer, 2013). Without the presence of oxygen, or very limited supply, the thermal 
decomposition process can be divided into four steps depending on the temperature: 
drying, torrefaction (mild pyrolysis), pyrolysis and gasification (Beaumont & Schwob, 
1984). However, with sufficient oxygen, combustion occurs to most wood species when 
temperature is about 300 °C.  
 
Figure 2.4 Thermal decomposition steps of three main components in biomass, 
created based on (Beaumont & Schwob, 1984; Yang et al., 2007). 
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2.4 Polycyclic aromatic hydrocarbons (PAHs)  
2.4.1 Definition and category 
Polycyclic aromatic hydrocarbons (PAHs) are a large chemical group of over two-
hundred hydrocarbons that are comprised of two or more fused aromatic rings containing 
only carbon and hydrogen atoms (Kim, Jahan, Kabir, & Brown, 2013). The aromatic 
rings are arranged in either linear, angular or clustered structures (Abdel-Shafy & 
Mansour, 2016). They are also knowns as polyaromatic hydrocarbons or polynuclear 
aromatic hydrocarbons. Table 2.3 shows the chemical and physical information of 25 
common PAHs, including 8 carcinogenic PAHs suggested by European Food Safety 
Authority, 16 priority pollutants assigned by the U.S. Environmental Protection Agency 
(EPA) and 16 priority compounds regulated by the European Union. 
2.4.2 Formation of PAHs 
PAHs are mainly generated as the products of pyrolytic reactions, especially the 
incomplete combustion of organic matters, such as bio-fuels wood, coal and oil. Two 
pathways were proposed for PAH formation: 1) from carbonisation and aromatisation of 
feedstock at temperatures below 500 °C; 2) from fusion of radicals into light PAHs and 
then aggregation to form heavy PAHs at temperatures above 500 °C (Wang et al., 2017). 
Among the parameters that influence the generation of PAHs, temperature during 
pyrolysis plays a very important role, and the quantitative amount of PAHs is reported to 
be linearly related to the smoking temperature in the range 400 °C - 1000 °C (Cirillo, 
Milano, & Cocchieri, 2004; Dieguez-Alonso, Anca-Couce, Zobel, & Behrendt, 2015; 
Toth & Blaas, 1972). In addition, the PAHs content also varies with the types of wood 
species. Researchers found poplar and hickory produced less PAHs by 35% - 55% 
compared with beech wood under the same conditions (Hitzel, Pohlmann, Schwagele, 
Speer, & Jira, 2013). As notoriously ubiquitous pyrolysis products, PAHs may be 
detected in air, water, soils and sediments, where they usually exist as complex mixtures 
(Domingo & Nadal, 2015). Because of the pyrolysis of fats, PAHs can also be found in 
cured and thermal-treated food products during food processing such as smoking, 
grilling, frying and toasting (Yurchenko & Mölder, 2005). Most of the PAHs are 
lipophilic compounds with relatively high octanol/water partition coefficient (log Ko/w), 
and hence exhibit low water solubility (Table 2.3).  
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Naphthalene§ NA C10H8 91-20-3 128 3.30 0.085 
 
Acenaphthene§ ACL C12H10 83-32-9 154 3.92 0.0022 
 
Acenaphthylene§ AC C12H8 208-96-8 152 3.94 0.0048 
 
Fluorene§ FL C13H10 86-73-7 166 4.18 6.00E-04 
 
Phenanthrene§ PHE C14H10 85-01-8 178 4.46 1.21E-04 
 
Anthracene§ AN C14H10 120-12-7 178 4.45 6.56E-06 
 
Fluoranthene§ FA C16H10 206-44-0 202 5.16 9.22E-06 
 
Pyrene§ PY C16H10 129-00-0 202 4.88 4.50E-06 
 
Benzo(a)anthracene*§£ BaA C18H12 56-55-3 228 5.76 2.10E-07 
 
Chrysene*§£ CHR C18H12 218-01-9 228 8.81 6.23E-09 
 
5-Methylchrysene£ 5MC C19H14 3697-24-3 242 6.07 5.45E-7 
 
Benzo(b)fluoranthene*§£ BbFA C20H12 205-99-2 252 5.78 5.00E-07 
 
Benzo(k)fluoranthene*§£ BkFA C20H12 207-08-9 252 6.11 9.65E-10 
 
Benzo(a)pyrene*§£ BaP C20H12 50-32-8 252 6.13 5.49E-09 
 













Indeno(1,2,3-c,d)pyrene*§£ IP C22H12 193-39-5 276 6.70 1.25E-10 
 
Dibenzo(a,h)anthracene*§£ DBahA C22H14 53-70-3 278 6.75 9.55E-10 
 
Benzo(g,h,i)perylene*§£ BghiP C22H12 191-24-2 276 6.63 1.00E-10 
 
Benzo(j)fluoranthene£ BjFA C20H12 205-82-3 252.3 6.11 2.7E-8 
 
Cyclopenta(c,d)pyrene£ CPP C18H10 
27208-37-
3 
226 5.18  
 
Dibenzo(a,e)pyrene£ DBaeP C24H14 192-65-4 302 7.28 5.2E-11 
 
Benzo(c)fluorene£ BcF C17H12 205-12-9 216   
 
Dibenzo(a,h)pyrene£ DBahP C24H14 189-64-0 302 7.28 6.4E-12 
 
Dibenzo(a,i)pyrene£ DBaiP C24H14 189-55-9 302 7.28 1.8E-11 
 
Dibenzo(a,l)pyrene£ DBalP C24H14 191-30-0 302 7.71 4.8E-10 
 
* Eight carcinogenic PAHs suggested by European Food Safety Authority (EFSA) 
§: 16 priority PAHs assigned by the U.S. Environmental Protection Agency (EPA) 
£: 16 priority PAHs assigned by European Union 
& Vapour pressure at 25 °C 
PAHs have been found from the thermal decomposition of various kinds of organic 
materials. It was also reported that the distribution of PAHs in thermal decomposition 
products (gaseous and condensate) varied with the number of aromatic rings in PAHs. It 
was previously reported that PAHs with two to four aromatic rings are associated with 
particulate matter and the smoke gas phase, while PAHs with more than four aromatic 
rings mainly exist in condensed particulate phases (Akyuz & Cabuk, 2010). Table 2.4 
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summarises the 16 priority PAHs assigned by the U.S. Environmental Protection Agency 
(EPA) that were found in the thermal decomposition of different biomass. 
Table 2.4 PAHs reported in the thermal decomposition of various types of biomass. 
PAHs * Phases Biomass Reference 
NA, ACL, AC, FL, PHE, 
AN, FA, PY 
gaseous 
tobacco, birch, beech, 
pine, poplar, tree heath, 
rock rose, oak, cherry, 
walnut, chestnut, pine, 
laurel 
(Conde, Ayala, Afonso, & González, 
2005; Djinovic-Stojanovic, Popovic, 
Spiric, & Jira, 2013; Fabbri, Adamiano, & 
Torri, 2010; Fagernäs, Kuoppala, & 
Simell, 2012; García-Falcón & Simal-
Gándara, 2005; Gmeiner, Stehlik, & 
Tausch, 1997; Kalaitzoglou & Samara, 
2005; Tan, Quanci, Borys, & Quanci, 
1992) 
NA, ACL, AC, FL, PHE, 
AN, FA, PY, BaA, CHR, 
BbFA, BkFA, Bap, IP, 
DBahA, BghiP 
condensate 
* See Table 2.3 for PAH abbreviations. 
2.4.3 Threat and official regulations 
It has been long known that the PAHs are bioaccumulative compounds and that they 
could potentially cause cancers with potent carcinogenic and mutagenic properties 
(Armstrong, Hutchinson, Unwin, & Fletcher, 2004). Researchers have concluded that 
PAHs with four or more rings are more likely to cause malignant tumours than those 
containing less rings (Chen & Lin, 1997; Grimmer, 1983). Normally, people are exposed 
to PAHs by inhaling air that is polluted by various sources such as motor vehicle exhaust, 
wood smoke and fumes from tarmac-sealed roads. People also take in PAHs while eating 
smoked, grilled and toasted foods on which PAHs have deposited from air or formed 
during food processing. In some cases, PAHs can pass through the skin into the human 
body.  
Due to the toxicity of PAHs, regulations in terms of the classification and maximum 
allowed levels from different authorities have been issued. The U.S. Environmental 
Protection Agency (EPA) classified seven PAHs as probable human carcinogens, 
including benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, 
benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene, and indeno(1,2,3-c,d)pyrene 
(EPA, 1993). Benzo(a)pyrene in drinking water should be less than 0.2  ppb according 
to the U.S. EPA. The International Agency for Research of Cancer (IARC) categorized 
thirteen PAHs in a monograph issued in 2010, among which benzo(a)pyrene was 
implicated as a carcinogenic compound to humans; CPP, DhA and DIP were probably 
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carcinogenic to humans; while baA, BbF, BjF, BkF, CHR, DhP, DiP, IcP, 5MC were 
considered as unclassifiable regarding their carcinogenicity to humans (IARC, 2010). 
According to the European Union regulation enacted in 2014, maximum levels for PAHs 
must be controlled reasonably low in (smoked) meat and fishery products. For instance, 
benzo(a)pyrene and the sum of benzo(a)pyrene, benz(a)anthracene, 
benzo(b)fluoranthene and chrysene should be below 5.0 μg/kg and 30.0 μg/kg, 
respectively (Commission, 2014). In addition, the Occupational Safety and Health 
Administration’s permissible exposure level for PAH in the workplace is 0.2 mg/m3 for 
benzene-soluble coal tar pitch fraction of air.  
2.4.4 Analytical methods for PAHs 
The hazardous properties of PAHs and the stringent regulations illustrate the importance 
of developing analytical methods for determining concentrations of PAHs either in the 
environment or in foods. Since the first discovery of PAHs, there have been many articles 
reporting the formation and determination of PAHs in different matrixes. Due to the 
matrix interference of samples in the real world, the sampling methods of PAHs normally 
involve filters or adsorbents or a combination of both, e.g. glass fibre and XAD 
adsorbents (a hydrophobic copolymer of styrene-divinylbenzene resin) (Liu, Han, Pan, 
& Riley, 2001). High performance liquid chromatography (HPLC) and gas 
chromatography (GC) combined with various kinds of detectors such as fluorescence 
detector (FLD), flame ionisation detector (FID) and mass spectrometry (MS) have been 
reportedly used to determine the level of PAHs in different matrices. PAHs with high 
molecular weights (>300 amu) are normally difficult to be analysed with GC because of 
their low volatilities, because of their tendency to condensate onto the GC inlet and 
column, in which case HPLC can be a better option (Adeniji, Okoh, & Okoh, 2018). Chiu 
and co-workers (1997) compared the performance of using GC-MS and HPLC in 
addressing the matrix interference in determination of PAHs in smoked chicken and 
concluded that HPLC showed better separation with shorter retention time while GC-MS 
identified more PAHs. Relying on GC-MS, Orecchio and co-workers (2009) investigated 
PAHs in coffee brew samples and found that the total concentration of PAHs varied 
between 0.52-1.8 µg/L. Serpe and co-workers (2010) applied HPLC in tandem with FLD 
to measure eleven PAHs in mussels as a method which could be used to determine 
environmental pollution by PAHs. Lei et al. (2011) reported a GC method coupled with 
headspace solid-phase microextraction (SPME) to determine PAHs in fresh vegetables. 
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By optimizing the extraction parameters, they developed a simple and sensitive 
headspace-GC-SMPE based method to quantify eight PAHs in vegetables. The total 
concentrations of PAHs in nine selected vegetables ranged from 3.91 to 96.98 ng/g. The 
results revealed that leafy vegetables (Indian lettuce, lettuce, and bok-choy) contained 
more PAHs than fruit vegetables (white gourd and towel gourd), followed by root and 
subterranean stem vegetables (radish, potato, and lotus root). To determine the PAHs in 
smoke, a smoke sampling method based on a sandwich cartridge comprised of 
polyurethane foam plugs (PUF) (3 cm length)/XAD-2/PUF (3 cm length) was studied by 
Conde et al. (2004). The sampling flow and the quantity of XAD-2 resin in the adsorbent 
were optimized to obtain satisfactorily efficient sampling. Among others, the sampling 
efficiency as a function of smoke temperature was investigated and the results showed 
that maximum efficiencies were observed at low temperature (35 °C).  
2.4.5 Reduction of PAHs in Foods  
The carcinogenic, teratogenic and bioaccumulative properties of PAHs and safety 
concerns justify the importance of understanding how to reduce them in foods that could 
be contaminated during processing such as drying, heating, baking, smoking, grilling, 
frying, toasting, etc. (Singh, Varshney, & Agarwal, 2016). During storage, fruits and 
vegetables are also able to concentrate light PAHs with their waxy surfaces adsorbed 
from the surrounding environment (Omodara, Amoko, & Ojo, 2014).  PAH 
contamination could be reduced by choosing proper food processing methods. For 
instance, it was reported that the levels of total PAHs in grilled beef were much higher 
than roasted beef (0.78 µg/kg versus 0.03 µg/kg), and an even higher difference was 
observed for grilled and roasted pork (10.18 µg/kg versus 0.06 µg/kg) (Chung et al., 
2011). Uncontrolled traditional smoking through incomplete combustion is normally 
believed to introduce high level of PAHs (Singh et al., 2016). The time and temperature 
during food processing should also be taken into consideration to reduce the formation 
of PAHs (Kao, Chen, Huang, Chen, & Chen, 2014). From the standpoint of wood used 
for smoking food, researchers found poplar and hickory produced less PAHs by 35% - 
55% compared with beech wood in smoked meat products (Hitzel et al., 2013). 
According to Britt et al. (2004), chemical composition of food is another factor to control 
and reduce PAHs formation and thus uptake, where the presence of glucose increased 
the levels of PAHs from the pyrolysis of proline. 
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2.5 Factors that influence the smoke composition 
The composition of smoke has been reported to be influenced by various smoke 
generation parameters, sampling approaches, and the type (species) and conditions of the 
wood or biomass feedstock (Šimko, 2005). Of the wood smoke generation parameters 
that influence the product yields and composition from wood thermal decomposition, the 
most important ones include temperature (heating rate and maximum temperature), 
atmosphere (oxygen content and sweeping gas flow rate) and moisture of the feedstock 
(Demirbas, 2004b). The introduction of sampling and analysis methods for VOCs is 
discussed in Section 2.6. 
2.5.1 Temperature 
The thermal decomposition of feedstock varies as a function of temperature and hence 
produces different chemical products. Beaumont and Schwob (1984) categorized the 
thermal decomposition of biomass into four steps depending on the reaction according to 
the temperature: drying (under 220 ℃), torrefaction (220 - 330 ℃), pyrolysis (330 ℃ - 
450 ℃) and gasification (above 500 ℃). Yang et al. (2007) concluded that organic 
compounds with functional groups of C=O, C-O-C, etc. were mainly generated at low 
temperatures, i.e., 200 ℃ - 400 ℃ and 300 ℃ - 450 ℃ from hemicellulose and cellulose, 
respectively. Alén et al. (1996) also concluded that reaction temperature (400 ℃ - 1000 
°C) significantly influenced the composition of volatiles generated from the fast pyrolysis 
of pinewood. As described by Fang et al., volatile components were mainly generated 
and released under reaction temperatures from 150 °C to 400 °C (Fang et al., 2006). 
Heating rate has also been found to show an effect on thermal decomposition of the 
feedstock. It was reported that the heating rate could be divided crudely as “high” and 
“low” with the dividing line as about 10 ℃/min (Milosavljevic & Suuberg, 1995). 
Compared to low heating rate, fast heating rate intensifies the heat transfer between the 
reactor and the feedstock, thus preventing secondary decomposition if the primary 
products are quickly removed from the reactor (Şensöz & Can, 2002). Investigation of 
Turkish red pine (Pinus brutia Ten.) pyrolysis with different heating rates (7 °C/min and 
40 °C/min) suggested that at fast heating rate the tar and gas yields were increased while 
char yield was decreased (Şensöz & Can, 2002). The changes of tar yields were supported 
by Onay (2007). The production of phenolic compounds was reported to be improved by 
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increasing the heating rate from 5 °C/min to 30 °C/min in a pyrolysis study of Moso 
bamboo (Phyllostachys edulis) (Chen, Zhou, & Zhang, 2014). 
2.5.2 Atmosphere 
Except for the reaction temperature, the atmosphere composition is another important 
factor that affects the thermal decomposition of biomass. For instance, oxygen in the 
smoke generation atmosphere oxidizes C-C bonds to C-O and C=O bonds, and thus 
generates oxygen-enriched components (Fang et al., 2006). It was reported that low 
levels of oxygen in the atmosphere (0.525 - 1.05%, v/v) increased the formation of 
hydrolysable sugars and phenolic monomers (Kim et al., 2014). Higher levels of catechol, 
hydroquinone, resorcinol, o-cresol and 1-aminonaphthalene were found under a nitrogen 
atmosphere during the pyrolysis of tobacco (Torikai, Yoshida, & Takahashi, 2004). 
The sweeping gas flow rate influences the oxygen supply (if applied) and the residence 
time of gaseous phase generated during the thermal decomposition process to diminish 
the secondary decomposition of the unstable volatiles in the smoking centre. Beaumont 
and Schwob (1984) found that the flow rate between 0 - 2 L/min showed an insignificant 
effect on the overall yields of char and gas in beech pyrolysis, but diminished the yields 
of water and methanol by 25% and 26%, respectively. 
2.5.3 Feedstock 
It has been demonstrated that different types of wood feedstock, such as oak, beech, 
hickory, etc. produce smoke with different sensory properties, indicating different 
chemical profiles of thermal decomposition products (Maga, 1987). For instance, 
hardwood has been reported to yield higher levels of syringyl derivatives than softwood 
due to the difference of lignin structure (Saiz-Jimenez & De Leeuw, 1986). From the 
perspective of PAHs formation, it was found that hardwood species yielded less PAHs 
than softwood species (Hitzel et al., 2013). Compared to softwood, hardwood generally 
burns longer than softwood because of higher density. Therefore, hardwood (e.g. beech) 
is typically applied more often for traditional smoking in the food industry. For a specific 
wood species, the smoke composition also varies depending on other compositional 
parameters, including water content, particle size and the content of alkali and alkaline 
earth metallic (AAEM) species (potassium, sodium, magnesium and calcium) (Mourant 
et al., 2011; Scott, Paterson, Piskorz, & Radlein, 2001).  
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2.5.3.1 Water Content 
The initial water content of the feedstock influences the thermal decomposition process 
via differences in heat conduction and residence time. It slows the heating process due to 
its high specific heat capacity and latent heat relative to other molecules, and becomes 
reactant at high temperatures. Water is also a flushing agent to remove residual oxygen, 
a heat carrier in steam pyrolysis and an absorption media to capture water-soluble 
compounds during aerosol formation. Burhenne and co-workers (2013) investigated the 
impact from initial water contents of spruce wood chips (2.4%, 16.4% and 55.4%) on the 
pyrolysis product distribution and observed that higher water content showed increased 
yields of tars but lower levels of char. This finding was in agreement with observations 
from other studies (Chan, Kelbon, & Krieger-Brockett, 1988; Demirbas, 2004b). A 
positive correlation has been reported between water content of the feedstock and loss of 
organic vapours of biomass pyrolysis oil (Westerhof, Kuipers, Kersten, & van Swaaij, 
2007). Guillén and Ibargoitia (1999) studied the influence of moisture content in wood 
on the composition of liquid smoke and concluded that lower moisture content promoted 
the yields of liquid smoke under a short pyrolytic process.  
2.5.3.2 Particle size 
The particle size of wood chips influences heat conduction during thermal decomposition 
and hence affects the composition of the products. Shen et al. (2009) found a decreasing 
trend in the production of bio-oil (condensate) when the average particle size of mallee 
wood chips was changed from 0.3 mm to about 1.5 mm. However, further increases in 
biomass particle size did not result in any further decreases in the bio-oil yield. The 
gaseous product of thermal decomposition of beech was also modified by particle size 
while the composition of the tar did not change quantitatively (Beaumont & Schwob, 
1984), which is not in agreement with the results from Shen et al. (2009), possibly 
because different wood species (eucalyptus versus beech) with different particle size 
ranges were used. It has been reported that particle size showed an influence only under 
flash pyrolysis, which occurs just in only a few milliseconds to seconds (Beaumont & 
Schwob, 1984; Bruun, Ambus, Egsgaard, & Hauggaard-Nielsen, 2012). 
2.5.3.3 AAEM species content 
AAEM species, such as potassium, sodium, magnesium and calcium, play a role in 
catalysing reactions during thermal decomposition. The yields of sugars and lignin-
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derived oligomers during the thermal decomposition of Mallee wood sample increased 
by removing the acid-soluble AAEM species, while the yields of water and light organic 
compounds in the tar decreased (Mourant et al., 2011; Scott et al., 2001). Patwardhan et 
al. (2011) found that the alkaline earth metal chlorides significantly promoted the 
speciation of furfural. Trendewicz and co-workers (2015) concluded that potassium 
showed a strong effect to decrease the formation of levoglucosan, while increasing the 
generation of char, water and gases.  
2.5.3.4 Pre-treatment of the feedstock 
Based on the discussion above, it can be concluded that the feedstock should be pre-
treated properly to procure a desirable chemical profile of products through thermal 
decomposition. In addition, the pre-treatment of the feedstock is important to obtain high 
efficiency of biomass energy utilisation or chemicals production (Kobayashi et al., 2008). 
Various methods can be utilized to pre-treat the feedstock.  
Humidification or drying 
The existence of water in the feedstock influences the thermal decomposition behaviour, 
whereby it affects the chemical composition of thermal decomposition products, in 
particular the quality of tar. The function of humidification or drying is to modify the 
moisture level in the feedstock. Westerhof et al. (2007) dried pinewood in an oven at 105 
℃ for one day to get 0 % w/w water content. To obtain 12 or 20 % w/w, the feedstock 
was impregnated by applying a demineralized water spray in a closed vessel. The 
researchers concluded that increasing moisture content of the feedstock led to a yield 
increase of char and gas, but showed no significant effect on condensate yield. 
Pulverisation (grinding) 
Pulverisation enables size reduction of the feedstock and thereby enlarges the surface 
area per unit mass for the subsequent thermal decomposition reactions. This process 
increases the rate of heat and mass transfer and is thus is beneficial to smoke generation 
(Chen, Hsu, Lu, Lee, & Lin, 2011), especially from an energy production perspective 
(Demirbas, 2004a). Kobayashi et al. (2008) developed a pulverisation technique using a 
vibration mill. More recently, Luo et al. (2011) introduced a novel crushing system that 
can pulverize the biomass successfully with 95% of products reduced to below 200 μm 
in size. 
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Pelletisation or densification 
Pelletisation or densification increases the density of the feedstock substantially by 
reducing the volume, making the biomass easier to store, deliver and use with a 
homogeneous construction. From the pellet quality standpoint, the pelletizing pressure 
plays an important role, which is pertinent to the raw material properties, such as type, 
pellet length, temperature, moisture content and particle size. Stelte et al. (2011) 
investigated the impact of processing conditions on the pelletizing pressure and 
concluded that the pellet length influenced the pelletizing pressure most significantly. 
They also found that the pellet density increased slightly when the pelletizing pressure 
was above 200 MPa. 
Torrefaction 
Torrefaction is a thermal process that enables conversion of lignocellulosic biomass into 
a coal-like biofuel with higher quality and denser energy by removing the oxygen and 
moisture from the original biomass (Sankaran, Show, Nagarajan, & Chang, 2018). 
Normally, this process is performed with a relatively low temperature range of 200 ℃ - 
300 ℃ without the presence of oxygen (Van der Stelt, Gerhauser, Kiel, & Ptasinski, 
2011). However, the mass loss during this process is noteworthy, which is mainly caused 
by dehydration and devolatilisation (loss of volatiles) resulting from hemicelluloses 
(Arias et al., 2008). Typically, after the torrefaction process, seventy percent of the 
biomass is retained while thirty percent is converted into gaseous products, which only 
account for ten percent of the biomass energy (Bergman, Boersma, Zwart, & Kiel, 2005). 
Chen et al. (2011) studied the torrefaction behaviour of lauan blocks (a tropical hardwood 
plywood product) under different temperatures and times and how the process affected 
the wood properties. They suggested torrefaction at 250 ℃ for more than one hour 
provides a balance between wood modification (intensify the heating value and 
grindability) and mass loss. They also concluded that over 50% of the wood mass loss 
was converted into tar, which was dominated by monoaromatics. 
2.5.3.5 Kānuka and mānuka wood 
In New Zealand, the local hardwood species, kānuka (Kunzea ericoides) is widely used 
for its distinct flavour character in local food industry. However, kānuka smoked 
products in New Zealand are commonly known as mānuka (Leptospermum scoparium) 
smoked. These names have been used interchangeably, which is not surprising because 
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they were collectively known as tea tree and originally classified as the same botanical 
genus until 1983 due to the superficial appearance similarity. Kānuka varies in size, from 
a shrub to a 10-meter or more tree, with long, leathery strips of bark and small clustered 
flowers. By contrast, mānuka is a common shrub or small tree (Figure 2.5). Kānuka is a 
larger tree than mānuka and hence presents a greater supply as a food smoking feedstock. 
 
Figure 2.5 Kānuka and mānuka (http://www.terrain.net.nz/friends-of-te-henui-
group/trees-native-botanical-names-g-to-l). 
Although various literature has been published regarding the mechanism of how the 
pyrolysis parameters influence the chemical composition of wood smoke (Fretheim et 
al., 1980; Guillén & Ibargoitia, 1999; Pöhlmann et al., 2013), the chemical composition, 
sensory profile and what makes kānuka smoke distinct are not well characterised. To our 
best knowledge, there is no published data regarding VOCs that contribute to the flavour 
character of kānuka wood smoke, and more importantly, how to manipulate its VOC and 
odour profiles by changing the smoke generation conditions. Smoking in New Zealand 
is normally conducted by trial and error by artisans based on their experience and 
informal testing, resulting in a knowledge gap in the public domain to be filled via 
systematic research to improve the consistency and quality of wood smoke used for 
smoking food products.  
2.6 Analysis of volatile organic compounds (VOCs) 
2.6.1 Extraction methods for VOCs 
According to a critical review of the organic compounds in smoke from incomplete 
biofuel combustion (Simoneit, 2002), smoke contains hundreds of volatile organic 
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compounds (VOCs), such as phenols, ketones, aldehydes, acids, alcohols, carbonyls, 
esters, furans, lactones, PAHs and other miscellaneous compounds. It is interesting that 
international agreement has not been reached upon the definition of VOCs. For instance, 
based on vapour pressure, VOCs in America are known as organic compounds with a 
vapour pressure more than 13.3 Pa at 25 ℃, while the values are 10 Pa at 20 ℃ according 
to European VOC Solvents Directive 1999/13/EC (Directive 1999/13/EC, 1999). On the 
other hand, VOCs are categorised as chemical compounds with a vapour pressure more 
than 270 Pa at 25 ℃ by the Australian National Pollutant Inventory (Dewulf, Van 
Langenhove, & Wittmann, 2002). To comprehensively understand the chemical 
composition of smoke, reliable determination methods for identification and 
measurement of VOCs are significant. Among the determination methods, sampling 
methods are critical given the broad range of boiling points and polarities of these 
volatiles. A certain amount of compounds of interest may also be lost during the sample 
preparation, which could lead to false results (Wierucka & Biziuk, 2014). It has been 
reported that sample preparation steps account for 61% of time for an analytical task 
involving detection and quantification of analytes (Fritz, Dumont, & Schmidt, 1995) and 
30% of the error associated with the analytical test results was due to sample preparation 
(Yang, Wang, & Li, 2013). Generally, sampling methods for volatiles in either gas, liquid 
or solid samples can be categorized in three types: static headspace sampling, dynamic 
headspace sampling and extraction sampling (Figure 2.6).  
 
Figure 2.6 Categories of sampling methods for VOCs. 
2.6.1.1 Static headspace sampling 
Static headspace sampling is conducted by putting liquid or solid samples into sealed 
containers and heating (and/or agitating) the containers to facilitate the equilibration of 
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headspace gas is then injected into a gas chromatograph for analysis. The evident 
advantage of this method is that there is less risk of decomposition or artefact formation 
because it decreases the amount of sample preparation. Wittkowski et al. (1990) used 
headspace gas chromatography to analyse volatiles in liquid smoke and smoked meat. 
Without using extraction and trapping devices, Watanabe et al. (2009) carried out simple 
analysis of naphthalene in human whole blood and urine by static headspace sampling 
combined with gas chromatography. The large volume gas injection ensured the sensitive 
detection of target analyte with a detection limit of about 0.05 and 0.01μg/mL for whole 
blood and urine, respectively. Although static headspace sampling is simple and 
straightforward, the disadvantages are also obvious. It is a nonselective approach and 
requires the analytes to be very volatile. Another drawback is that the sensitivity of this 
method is relatively low due to the lack of concentration (Wojnowski, Majchrzak, 
Dymerski, Gebicki, & Namiesnik, 2017). Using a large volume gas injection and adding 
salts (such as potassium chloride, sodium chloride, etc.) to liquid samples to change the 
partition coefficients have been reported to improve the sensitivity (Naddaf & Balla, 
2000; Watanabe et al., 2009). Despite the application of this method in smoked food 
products and liquid smoke (Wittkowski et al., 1990),  it is not applicable for the direct 
analysis of smoke itself. 
2.6.1.2 Dynamic headspace sampling 
Dynamic headspace sampling is a technique that has been widely employed for extracting 
trace levels of volatiles from various matrices, which is also referred to as purge-and-trap 
(Abeel, Vickers, & Decker, 1994; Pillonel, Bosset, & Tabacchi, 2002). A certain amount 
of sample, either liquid or solid, is transferred into a sealed vessel. The sample is then 
purged with inert gas, normally nitrogen, causing the volatile organic compounds to be 
separated out of the matrix. The volatiles are then captured in an analytical trap, which 
allows the purge gas to pass through. Various traps have been reported for the trapping 
of analytes, such as solid adsorbents (e.g. silica gel, activated charcoal, Tenax, etc.) that 
are normally sorbent packed into cartridges or columns, cold trapping with cryogen (e.g. 
liquid nitrogen or dry ice) and liquid trapping (Pillonel et al., 2002). After trapping onto 
sorbents, the VOCs are then eluted from the trap by solvents (e.g. toluene) or desorbed 
using thermal desorption and injected into the gas chromatograph in a flow of carrier gas 
for separation and detection (Harper, 2000). Yu and Sun (2005) applied a purge-and-trap 
method with three cold traps in series to investigate the volatiles in Chinese traditional 
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smoked bacon and found that most of detected phenolic compounds (10 out of 12) existed 
in the first trap operated at 2 °C - 4 °C. Aznar and Arroyo (2007) developed and applied 
a purge-and-trap extraction method in tandem with gas chromatography-mass 
spectrometry (GC-MS) to provide a fast and efficient method to analyse the aromatic 
VOCs in red and white wine. Zhang et al. (2015) reported using purge-and-trap coupled 
with GC-MS to analyse isoprene in natural waters. The collection conditions, including 
purge gas flow rate and purge time were optimized. The method validation results 
revealed a reliable method for the quantification of isoprene in natural waters. Using the 
same methodology, Deng et al. (2011) carried out simultaneous determination of eight 
common odours, including dimethylsulfide, dimethyltrisulfide, 2-isopropyl-3-
methoxypyrazine, 2-isobutyl-3-methoxypyrazine, 2-methylisoborneol, β-cyclocitral, 
geosmin and β-ionone, in natural waters. The trapping concept of this method was also 
used for the extraction of VOCs in smoke with different traps, e.g. methanol for 
mainstream cigarette smoke (Darrall, Figgins, & Brown, 1998) and Tenax for wood 
smoke (Kjällstrand & Petersson, 2001; Olsson & Kjällstrand, 2004).  
2.6.1.3 Extraction sampling 
The extraction methods for VOCs comprise of liquid-liquid extraction (LLE), solid phase 
extraction (SPE), and distillation. Each category contains various modified extraction 
methods to overcome the interference from different matrices.  
Liquid-liquid extraction (LLE) 
Liquid-liquid extraction (LLE) is a classic separation method that depends on the relative 
solubility (or distribution coefficient) of target compounds in two different immiscible 
liquids, named as the donor phase and acceptor phase, using an aqueous phase and an 
organic solvent in most cases. Normally, the extract requires concentration by 
evaporation of solvent prior to instrumental analysis (Andrade-Eiroa, Canle, Leroy-
Cancellieri, & Cerdà, 2016). This method allows extraction of various types of chemicals 
by transferring the solutes from one phase to another. LLE is widely used for its 
convenience, easy-operation and capability of dealing with large amounts of analyte. To 
improve the extraction efficiency of LLE, an approach known as “salting-out” is widely 
employed by adding salt (sodium chloride or sodium sulphate) in water to increase the 
ion strength and decrease the solubility of organic substances in the aqueous phase, and 
increase their extractability. Sen and Seaman (1982) reported an LLE clean-up method 
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to determine the volatile N-nitrosamines in cooked bacon fat. The recovery between 5 
and 20 ppb were within 77.8% - 100.3%, showing a reliable extraction method. Garcia 
et al. (1992) evaluated the application of LLE to determination of volatile haloorganic 
compounds in chlorinated water. However, the drawbacks of LLE are evident. Since 
large volumes of organic solvent are needed for extraction, LLE is not eco-friendly 
compared with other sample collection techniques. Normally, it is time-consuming 
because LLE requires several extraction steps to concentrate the extract. LLE was also 
found to be liable to form emulsions during the extraction, which hinders the extraction 
efficiency. Compared to solid phase extraction (SPE), LLE extracts a narrower range of 
organic analytes (mainly non-polar). The other main disadvantage of LLE is the 
unavoidable loss of volatile components during the evaporation step (Andrade-Eiroa et 
al., 2016; Pico, Fernandez, Ruiz, & Font, 2007).  
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Liquid phase microextraction (LPME) 
To tackle the drawbacks of LLE, Jeannot and Cantwell (1996) developed an analytical 
technique based on conventional liquid-liquid extraction while consuming very little 
solvent (in microliters), known as liquid phase microextraction (LPME). Comparison of 
LPME and solid phase microextraction (SPME) indicates that the two techniques are 
comparable in terms of precision, sensitivity, and analysis time. In addition, by adjusting 
the polarity and pH of the extract to minimise the interference from the matrix, it is 
possible to extract particular target compounds. LPME only requires simple and low-cost 
apparatus (microsyringe etc.) and is not susceptible to carry-over between extractions 
(Hou & Lee, 2002). The advantages of using very little solvent makes LPME compatible 
with various analytical techniques, such as GC (gas chromatography) and LC (liquid 
chromatography). However, one common disadvantage of early LPME methods was that 
extraction and injection were performed separately in two different instruments. He and 
Lee (1997) introduced a novel liquid phase microextraction in a single drop of extraction 
solvent by employing a conventional microsyringe. By using the common microsyringe 
as the microseparatory funnel and injector for gas chromatography, they achieved sample 
extraction and introduction with one instrument. 
Solid phase extraction (SPE) 
The first experimental application of solid phase extraction (SPE) was performed in the 
late 1940’s with activated carbon filters to concentrate organic compounds from surface 
water (Liška, 2000). However, this technique for sample clean-up and extraction/pre-
concentration was not incorporated into contemporary analytical methods until the 
1970’s (Liška, 2000). In the early 1980’s, the introduction of disposable cartridges 
incorporated with silica-based, chemically-bonded sorbents enhanced the application of 
SPE as a common laboratory technique (Poole, 2003). Originally introduced for water 
samples, SPE has now been widely applied for various analytes (from non-polar to very 
polar) in sample matrices, such as foods, herbs, environmental and clinical samples 
(Boonzaaijer, Bobeldijk, & van Osenbruggen, 2005; Jung et al., 2013; Meng, Shen, Hou, 
& Wang, 2009; Pedersen et al., 2013; Surma, Sadowska-Rociek, & Cieślik, 2014; Tong, 
Li, Wang, & Zhu, 2009; Yue, Zhang, Yang, Ouyang, & Liu, 2010).  
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The principle of solid phase extraction is to separate the components of interest from a 
liquid matrix using porous sorbent particles, namely the stationary phase. Various SPE 
sorbent types are commercially available to serve different analytical purposes and can 
be categorized into three groups: inorganic oxides; low-specificity sorbents; and, 
compound-specific and class-specific sorbents (Poole, 2003). The process occurs based 
on the affinity difference of the analyte molecules between the bulk liquid and the 
stationary phase, which is normally fixed in a cartridge or disc device. After being 
selectively captured by the stationary phase followed by washing steps to remove the 
interfering compounds, the analytes are then recovered by solvent elution, or thermally 
desorbed into the gas phase (Lombardi, 2015; Poole, 2003). Based on how the targets are 
captured by the stationary phase, there are four main modes of SPE: normal phase, 
reversed phase, (cation and anion) ion exchange, and mixed modes (Buszewski & 
Szultka, 2012; Poole, 2003). In normal phase mode, the polarity of the stationary phase 
is typically higher than that of loading solvent, allowing for extraction of polar analytes 
from the matrix. In reversed phase mode, the polarity order between the stationary phase 
and loading solvent is inverse, whereby nonpolar to moderately polar analytes are 
captured by the stationary phase. It is worth noting that reversed phase SPE is considered 
to have the lowest selectivity, which means it is relatively difficult to differentiate 
components with similar structures (Andrade-Eiroa et al., 2016). However, reversed 
phase SPE is capable of capturing the maximum amount of hydrophobic compounds, 
making it a powerful tool to conduct comprehensive analysis.  
Compared with traditional liquid-liquid extraction, SPE exhibits several advantages that 
have brought fast development and enabled it to be a promising alternative for LLE. SPE 
is less time-consuming and labour-intensive as it is suitable for automation, thus making 
it more cost effective. Moreover, since SPE requires less solvent, it is more 
environmental friendly (Lombardi, 2015). However, some of the disadvantages including 
robustness, variation of coating phase and a limited range of stationary phases should not 
be ignored (Płotka-Wasylka, Szczepańska, de la Guardia, & Namieśnik, 2015). 
Solid phase microextraction (SPME) 
In 1990, solid phase microextraction (SPME), was first proposed by Arthur and 
Pawliszyn (1990) to tackle the issues of SPE, such as high matrix effect, considerable 
variation, and potential adsorption of analyte by the plastic material of the SPE cartridges. 
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SPME is a fast, solvent-free and hence environmentally friendly technology. Apart from 
these advantages, an important feature of SPME is that once target compounds after been 
extracted, it can be introduced directly into gas chromatography for analysis (Myung, 
Yoon, & Kim, 2003). SPME allows extraction of analytes from complex matrices either 
by immersion (for liquids) or by headspace sampling (for solids and liquids). SPME is 
now a widespread and well established method with hundreds of applications reported, 
covering environmental, food, clinical and other miscellaneous fields (Pillonel et al., 
2002; Xu et al., 2016). The principle of this method is to apply very small amounts of a 
sorptive extraction phase to a fused silica fibre, normally not more than 1μL of polymers 
(thickness < 100 µm).  Typically, the extraction phase can be either a polymeric liquid, 
analogous to the stationary phase of capillary gas chromatography columns, or a highly 
porous solid sorbent (Pawliszyn, 2001). For particular purposes, several composite 
polymeric coating materials are commercially available with different coating thickness 
and polarities, which enables the range and selectivity for various analytes. For instance, 
Carboxen/Polydimethylsiloxane (CAR/PDMS), Polydimethylsiloxane/Divinylbenzene 
(PDMS/DVB), Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS), 
Carbowax/Templated Resin (CW/TPR). To some extent, SPE is the precursor of SPME, 
but the principles of the two techniques should not be confused. From the perspective of 
the objective to be analysed, SPME is capable of dealing with either gases or liquids 
while SPE is limited to liquids. In light of the desorption approach, SPE requires solvent 
elution to recover the extracted analytes, while the enriched SPME fibre is usually 
thermally desorbed directly into the GC inlet for analysis, making it more 
environmentally friendly (Hinshaw, 2003). 
From an operational point of view, SPME can be categorized into three modes: direct-
SPME, headspace-SPME, and membrane-protected-SPME. With the direct-SPME, the 
fibres coated with the extracting phase are directly immersed into the sample, either 
gaseous or liquid, and capture the target compounds from the matrices. For liquid 
samples, stirring and/or agitation are usually employed to hasten the equilibration 
between matrices and fibres at around room temperature. However, for gaseous matrices, 
the natural flow of air is normally adequate for equilibrating the analytes (Pawliszyn, 
2001). One should note that the adsorption onto the extractive phase is an exothermic 
process. Temperature for extraction must stay relatively low (40 ℃ or 50 ℃) because 
high temperature may inhibit the distribution constants and decrease the extraction 
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recovery (Cho, Kong, & Oh, 2003; Dı́az, Ventura, & Galceran, 2002; Doong, Chang, & 
Sun, 2000). Doong and co-workers (2000) applied direct-SPME combined with gas 
chromatography equipped with flame ionisation detection (GC-FID) and mass 
spectrometry (GC-MS) to determine sixteen U.S. Environmental Protection Agency 
PAHs in aqueous samples. Researchers also investigated the feasibility of using 
headspace-SPME and concluded that it was a feasible analytical technique for two- to 
five-ring PAHs, even though relatively long extraction times (nearly ten hours) were 
needed. Dı́az et al. (2002) determined short-ethoxy-chain nonylphenols and their 
brominated homologs in raw and treated water with direct and headspace SPME. They 
found that the performance of the two modes of SPME varied with the volatility of target 
compounds. Headspace-SPME was better for analytes with higher volatility, whereas 
direct-SPME was proposed for analytes with lower volatility, such as diethoxylated 
metabolites. The researchers also compared direct-SPME with traditional SPE and the 
results were in good agreement. However, SPME exhibited several advantages over SPE, 
such as being sovent-free, having a simpler operation and lower detection limits. 
Unlike direct-SPME, in which the extraction phase contacts with sample directly, 
headspace-SPME extracts target components that are partitioned into the gas phase above 
a liquid or solid sample. The main advantages of this mode, compared with direct-SPME, 
is the protection of the coated fibre from being corroded by the non-volatiles and heavy 
components in the samples, which may change the response over time and impact 
reproducibility. Moreover, it also allows sample modification (e.g. adding salts or 
adjusting pH) without damaging the fibre. Similar to direct-SPME mode, the samples 
can be stirred, agitated and/or heated to increase response and enhance the rate of 
equilibration. Temperature plays an important role in the process kinetics, because the 
vapour pressure of analytes is proportional to the environment temperature (Pawliszyn, 
2001). From the kinetic point of view, two equilibria occur during the extraction process: 
partitioning between the sample and gas phase, and partitioning between the gas phase 
and SPME phase (Feng, Zhu, & Sensenstein, 2005). Therefore, it is important to keep 
constant volumes of sample and headspace between different samples and replicates 
(Hinshaw, 2003). Many studies have been conducted with headspace-SPME to extract 
the volatiles from smoked foods (Guillén, Errecalde, Salmerón, & Casas, 2006; Guillén 
& Sopelana, 2005; Yu, Sun, Tian, & Qu, 2008). Other than the application in analysis of 
smoked foods, studies using headspace-SPME have been reported in the direct analysis 
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of smoke. Conde et al. (Conde, Afonso, González, & Ayala, 2006) optimised the 
methodology of using headspace-SPME combined with GC-MS in analysis of twenty-
one phenolic compounds (e.g. guaiacol, syringol, etc.) in smoke from thermal 
decomposition of pine wood and pine needles. In general, among SPME with five 
selected coating phases, carbowax-divinylbenzene (CW-DVB) showed the highest 
extraction efficiency for phenolic compounds. Pieraccini and co-workers (2008) 
introduced the application of headspace-SPME coated with polydimethylsiloxane/ 
divinylbenzene (PDMS/DVB) in the determination of VOCs in the mainstream and 
sidestream of cigarette smoke and tentatively identified 67 compounds. 
Although headspace-SPME addresses the potential damage to the fibre from matrices in 
direct-SPME mode, it is unable to capture most of the semi-volatile and non-volatile 
components in samples. The need to extract non-volatiles and compounds with high 
boiling points while protecting the fibre caused the development of the third mode: 
membrane-protected-SPME. Zhang et al. (1996) first introduced this modified approach 
to protect the fibre by using a cellulose hollow membrane that allows permeation of 
targets with small molecular weights while blocking interfering compounds with 
relatively high molecular weight. Even though from a kinetic perspective, this mode 
requires a longer equilibration time, it enables extraction of large PAHs from aqueous 
samples in the presence of humic acid (Zhang et al., 1996). More recently, several other 
researchers successfully applied this method to pre-treat food, sewage sludge and 
biological samples, indicating a good prospect for complex matrices (Basheer & Lee, 
2004; Ghasemi, Sillanpaa, & Najafi, 2011; L. Meng et al., 2009). 
Another environment-friendly approach is stir bar sorptive extraction (SBSE) introduced 
by Baltussen et al. (1999) in 1999. This novel approach applies a coating (55 μL to 219 
μL) of polydimethylsiloxane onto glass tubes (10 - 20 mm) in which magnetic stir bars 
were incorporated. The stir bars were stirred in aqueous samples to extract and enrich 
target analytes. The extracted analytes were then thermally desorbed from the PDMS 
phase in a thermal desorption unit hyphenated with GC-MS, whereby the components of 
interest were introduced and analysed. The analytical results indicated that SBSE was 
about a factor of 500 more sensitive than direct-SPME for the detection of PAHs in water 
(Baltussen et al., 1999). In addition, the extraction phase was not degraded after one 
hundred extractions, indicating good stability. In accordance with SPME, SBSE 
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sampling can be operated either with direct immersion or with headspace sampling, 
where the latter technique is known as headspace sorptive extraction (HSSE), resulting 
in elimination of interference from non-volatile compounds (Jelen, Majcher, & Dziadas, 
2012). SBSE demonstrates much higher sensitivity (up to one thousand times) compared 
with SPME due to the exponentially higher volume of extraction phase (Bicchi, Iori, 
Rubiolo, & Sandra, 2002), thus making it a powerful analytical technique to profile trace 
and ultra-trace level analytes (Alves, Nascimento, & Nogueira, 2005; Nogueira, 2015). 
The advantage of SPME over SBSE is the fact that the procedure can be performed 
automatically, which is not possible for SBSE (Popp, Bauer, Hauser, Keil, & Wennrich, 
2003; Richter, Eyres, Silcock, & Bremer, 2017). Since SBSE was introduced, a number 
of comparative studies between SPME and SBSE have been carried out for the analysis 
of various matrices, including smoked meat, coffee, water, beverages and honey, in 
addition to many others. In brief, both SPME and SBSE performed well in extracting the 
analytes from the samples while SBSE exhibited better capability in dealing with 
complex matrices (Benet et al., 2015; Bicchi et al., 2002; Blasco, Fernández, Picó, & 
Font, 2004; High, Bremer, Kebede, & Eyres, 2019; Krüger, Olberg, Senz, & Simon, 
2015; Maggi, Zalacain, Mazzoleni, Alonso, & Salinas, 2008; Popp et al., 2003; Richter 
et al., 2017). However, compared with SPME, the relatively fewer options of coating 
phase for SBSE should not be ignored (Richter et al., 2017; Wojnowski et al., 2017). 
2.6.2 Analytical methods for VOCs 
After being collected or trapped, the volatile organic compounds must be analysed based 
on reliable techniques to fulfil qualitative and/or quantitative purposes. Various 
analytical techniques have been developed to achieve this. 
Gas chromatography 
Gas chromatography was invented and commercialised in the 1950s (Dal Nogare & Juvet 
Jr, 1962) and has subsequently become the primary method for the separation of volatile 
organic compounds for analysis (Baek & Jenkins, 2004; Barboni, Pellizzaro, Arca, 
Chiaramonti, & Duce, 2010; Clutterbuck, Caruso, & Wetzel, 2017; Culea, Cozar, Melian, 
& Ristoiu, 2016). Equipped with a variety of efficient capillary columns and detectors, 
this technique provides high resolution, sensitivity and degree of automation. Some other 
attractive advantages include relatively high efficiency with analysis time normally less 
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than one hour and relatively high accuracy for quantification. This method also requires 
small sample amount, normally in μL (McNair & Miller, 2011). Gas chromatography is 
an analytical system that involves sample introduction, separation and determination 
components. Sample analytes are introduced via an injector and carried in a stream of 
inert carrier gas (e.g. helium or hydrogen) into the GC column (either packed or 
capillary), where the analytes are partitioned between the mobile phase (carrier gas) and 
the stationary phase coating the inside wall of the column in a thin film (0.1-1µm layer). 
Separation of analytes is achieved due to different travelling rates in the GC column 
according to their distribution constant / affinity for the stationary phase and volatility. 
Once analytes have eluted successively from the column, they are measured by the 
detector, with the response recorded by a data collection system to generate so-called 
chromatograms (Dewulf et al., 2002; McNair & Miller, 2011). Depending on the nature 
of the analytical targets, typically characterised by differing polarity and functional 
groups, a wide range of commercialized capillary columns is available for VOCs 
analysis, which are silicone-based columns coated by 100% polydimethylsiloxane as the 
non-polar and increasing proportion of substitution of phenyl groups as the more polar 
ones. (Dewulf et al., 2002). Among the polar phases, polyethylene glycol (PEG) is the 
most commonly used for better retention of polar compounds with low molecular weight 
(e.g. alcohols, acids, ketones, etc.), although the stability of the phase and repeatability 
are considered to be lower than non-polar phases (Mansour, Zhou, & Danielson, 2015). 
In flavour analysis, GC columns with a polar phase are often used for the separation of 
analytes with wide range of polarities (d'Acampora Zellner, Dugo, Dugo, & Mondello, 
2008; Skoog, West, Holler, & Crouch, 2013). In terms of the PAHs analysis, the most 
widely used GC capillary columns are coated with phenyl-substituted 
polydimethylsiloxane, e.g. 0% and 5% of phenyl group and are normally applicable for 
use at higher temperatures (Conde et al., 2004; Poster, Schantz, Sander, & Wise, 2006).  
A variety of GC columns with different phases covering non-polar, semi-polar and polar 
were reported for the analysis of VOCs released from the thermal decomposition of 
biomass (Giudicianni, Cardone, & Ragucci, 2013; Gu et al., 2013; Xin et al., 2013). The 
availability of various detectors with different selectivity and sensitivity is one of the 
predominant advantages that makes gas chromatography superior to other techniques 
(Eiceman, Hill, & Gardea-Torresdey, 2000). Table 2.5 summarizes the commonly used 
detectors and applicable analytes. Normally, gas chromatography analysis of VOCs 
utilizes a flame ionisation detector (FID), a thermal conductivity detector (TCD), a mass 
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selective detector (MSD), an electron-capture detector (ECD), an electrolytic 
conductivity detector (ELCD), a photo-ionisation detector (PID), a flame-photometry 
detector (FPD) or nitrogen-phosphorus detector (NPD) (Dewulf et al., 2002). The 
advantages of gas chromatography in tandem with various detectors, such as high 
sensitivity and selectivity, enable this technique to be a powerful separation and detection 
tool for VOCs in different research fields, such as environment, food, and pharmaceutical 
industries. Table 2.5 presents some selected applications sorted by detectors. 
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 Table 2.5 Summary of commonly used detectors for gas chromatography of VOCs. 






Wine, Paints, Water, 
Pharmaceutical drugs, 
Pyrolysis bio-oil 
(Escobal, Iriondo, Laborra, Elejalde, & Gonzalez, 1998; 
Graffius et al., 2017; Kosinski Lima, Romualdo Lopes, 
Gimenes Guerrero, Itsuo Yamamoto, & Augusto Hansel, 
2018; Liu et al., 2005; Sarafraz-Yazdi & Vatani, 2013; 
Sfetsas, Michailof, Lappas, Li, & Kneale, 2011; Zhang, Lin, 
Chai, Zhong, & Barnes, 2015) 
Mass spectrometer MS Compounds that can be ionized 
Air, Vegetables, Drinks, Pen 
ink, Pyrolysis bio-oil 
(Moraes et al., 2012; Randon, Maret, & Ferronato, 2014; 
Serrano, Gallego, & Silva, 2017; Sfetsas et al., 2011; Stupak, 





with high electronegativity 
such as halogenated 
compounds 
Water, air, soil, vegetation 
(Alvarado & Rose, 2004; Begerow, Jermann, Keles, Koch, & 
Dunemann, 1996; Rahnama Kozani, Assadi, Shemirani, 





decomposition products of 
polystyrene 
(Ciucanu & Chiriac, 2002; Patton, Lewis, & Kaye, 1955) 
Dry electrolytic 
conductivity detector 
DELCD Halogenated compounds Indoor air (Jia, Koziel, & Pawliszyn, 2000) 
Hall electrolytic 
conductivity detector 












Human body fluids; ground 
water 





Indoor air; tap water; 
livestock waste 
(Ho, 1989; Hobbs, Misselbrook, & Pain, 1995; Jia et al., 2000) 
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Due to the complexity of many sample matrices, such as pyrolysis products of biomass, 
poor resolution and peak overlap may occur, making it hard for qualitative and/or 
quantitative analysis. Mass spectral deconvolution can mitigate this co-elution to a 
certain extent to achieve identification and quantification, but this is not always possible. 
To improve resolution and separation capacity, multidimensional gas chromatography 
(MDGC) employing two columns with different stationary phases in series was 
developed (Liu & Phillips, 1991). Peaks that are co-eluted in the first column may be 
separated in the second column. For instance, compounds with similar boiling points may 
overlap on a nonpolar column but can be resolved on a polar second column provided 
they have different polarities. A number of reviews in terms of the fundamentals, 
instrumental design and applications have been published (Adahchour, Beens, Vreuls, & 
Brinkman, 2006a, 2006b, 2006c, 2006d; Bertsch, 1978; Bertsch, 1999, 2000; Marriott & 
Shellie, 2002). Xu and co-researchers (2003) successfully employed comprehensive two-
dimensional gas chromatography (GC×GC) to analyse on-line collected atmospheric 
volatile organic compounds on site. With a time-of-flight mass spectrometer (TOF-MS), 
about 650 peaks were identified, of which 235 identifications were confirmed by 
retention index comparison. Studies also proved the benefits of comprehensive two-
dimensional gas chromatography in analysing pyrolysis oils with complex composition 
(Maciel et al., 2017). Marsman et al. (2008) introduced the application of GC×GC-TOF-
MS in analysis of flash pyrolysis oil from beech wood and detected 810 peaks in total, 
among which 248 showed area% > 0.3% that were dominated by levoglucosan, furfual, 
furanone, guaiacol and its derivatives. Sfetsas et al.  (2011) used the same methodology 
to analyse the composition of bio-oils. Authors found more than 200 peaks, of which 
they quantified 11 compounds using external standards. Acetic acid, levoglucosan and 
hydroxypropanone were found to be the three most abundant compounds. 
Another analytical technique relevant for the analysis of smoke to investigate the 
products from thermal decomposition of a feedstock is pyrolysis-GC. In this technique, 
the feedstock is thermally decomposed in the pyrolyser unit, for which three main types 
are normally used: heated filament, Curie-point and furnace. The pyrolyser unit is 
hyphenated to the GC inlet so that thermal decomposition products are directly 
introduced onto the GC column for separation and detection with various detectors (e.g. 
flame ionisation detector, mass spectrometer, Fourier transform infrared spectroscopy 
(FTIR), etc.) (Meier & Faix, 1992; Rial-Otero, Galesio, Capelo, & Simal-Gándara, 2009). 
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Pyrolysis-GC-MS has been widely applied to directly investigate the products and 
mechanism of biomass pyrolysis (Gao, Li, Quan, Du, & Duan, 2013; Gu et al., 2013; 
Zhang, Li, & Zhu, 2017). However, very limited amount of wood material (~20 mg) is 
used for pyrolysis-GC, which might hinder the detection of trace level compounds. The 
current research objective is to determine the VOCs in smoke that are potentially 
transferred into a smokehouse for smoking food products. Therefore, the aim is to analyse 
the smoke VOCs within the transfer conduit after the majority of smoke cooling has 
occurred. However, pyrolysis-GC transfers all compounds generated onto the GC 
column, without any of the fractional distillation and condensation that occurs in an 
industrial smoking system. As such these can be considered complementary techniques 
that provide different information for the analysis of smoke. 
Electronic nose 
Apart from gas chromatography, electronic nose has become another promising 
analytical technique in analysing volatile organic compounds. Although the earliest 
endeavour in developing an instrumental design to detect odorant compounds occurred 
in 1961 by Moncrieff, it took another two decades until Persaud and Dodd (1982) 
introduced the idea of an electronic nose to simulate the mammalian olfactory system. 
According to Gardner and co-researcher Bartlett (1994), the electronic nose is “an 
instrument, which comprises an array of electronic chemical sensors with partial 
specificity and an appropriate pattern-recognition system, capable of recognising simple 
or complex odours”. One can easily conclude from the name and definition that this 
bionic technique of human nose is designed for the measurement of odour active 
compounds. However, it is also capable of the determination of non-odorant individual 
or mixture of gases, such as environmental pollutants and irritating chemicals (Wilson, 
2012). The past decades witnessed a high volume of applications of electronic nose in 
food industry (Ampuero & Bosset, 2003; García, Aleixandre, Gutiérrez, & Horrillo, 
2006; Loutfi, Coradeschi, Mani, Shankar, & Rayappan, 2015). Haugen et al. (2006) 
employed an electronic nose for the quality control of smoked Atlantic salmon (Salmon 
salar) using furfural and guaiacol as the markers. The results supported good ability to 
distinguish fresh and aged salmon fillets. Hyphenated GC-electronic nose was also 
reported to be used for the detection of aroma in cigarette smoke, demonstrating its 
applicability to differentiate cigarette brands (Rambla-Alegre et al., 2014). Compared 
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with gas chromatography, that normally requires laborious and hence time-consuming 
sample pre-treatment steps prior to analysis, and mass spectrometry that needs a vacuum, 
and sensory panels that involves a lot of human labour, electronic nose is more 
convenient and efficient despite the relatively low specificity (Röck, Barsan, & Weimar, 
2008). However, more efforts should be made to reach an electronic nose that is 
applicable to discriminating any kind of gaseous samples (Röck et al., 2008; Wilson & 
Baietto, 2009). The sensitivity of electronic nose could be easily influenced by the 
presence of water vapour or high levels of individual components (e.g. ethanol) (Harper, 
2001). From this point of view, at least for now, gas chromatography combined with 
mass spectrometry is superior to electronic nose in terms of VOCs identification and 
quantification (Zhang & Li, 2010). 
Proton transfer reaction-mass spectrometry  
As discussed above, the contemporary analytical technique that dominates the analysis 
of VOCs is gas chromatography coupled with various detectors (Blake, Monks, & Ellis, 
2009; Zhang & Li, 2010). Not only for its high sensitivity, normally as low as part-per-
trillion level, but also for its capability to identify the target compounds when being 
combined with mass spectrometry. However, one of the disadvantages of GC-MS for the 
analysis of VOCs is the time-intensive procedures. Typically, to generate a gas 
chromatogram of VOCs with acceptable peak resolution and signal response, it takes up 
to one hour or even longer (90 - 120 minutes) for analysis of a single sample, depending 
on its complexity (Schoenmakers, Oomen, Blomberg, Genuit, & van Velzen, 2000), 
making it unfeasible for real time analysis. In addition, it also requires time-consuming 
and laborious sample pre-treatment steps, either clean-up or pre-concentration when the 
samples are crude or the targets of interest are too scarce to be detected. Apart from the 
cost of time and labour, the more complex sample pre-treatment steps, the more 
anthropogenic errors (false positive or false negative) or artefacts that may be introduced 
(Blake et al., 2009).  
In 1995. Hansel and co-researchers introduced a solution for these shortcomings, namely 
proton transfer reaction mass spectrometry (PTR-MS). This instrumental technique was 
specifically designed for VOCs detection in atmospheric samples and has subsequently 
been widely used for a range of applications since its first development. Several review 
papers have been published for PTR-MS covering the instrument designs, principles, 
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kinetics and applications (Blake et al., 2009; De Gouw & Warneke, 2007; Ellis & 
Mayhew, 2013; Hewitt, Hayward, & Tani, 2003; Lindinger, Hansel, & Jordan, 1998). 
Unlike traditional mass spectrometry that uses electron impact ionisation, in PTRMS, the 
target molecule is ionized based on the following process in which the hydronium ion 
acts as the proton donor. 
H3O++MiHj               MiHj+1++H2O                                                                    Equation 2.1  
where M represents C, O, N and S atoms, and/or their combination (Hansel et al., 1995). 
Collectively, proton affinities are justifiably deemed to be the determinant that a proton 
transfer reaction is going to occur spontaneously or not (Blake et al., 2009). The proton 
affinity value of H2O is 691 kJ/mol, slightly higher than that of most common inorganic 
components in air, such as oxygen (421 kJ/mol), nitrogen (494 kJ/mol), carbon dioxide 
(541 kJ/mol), etc., but lower than that of common organic molecules (Hunter & Lias, 
1998). Therefore, the proton transfer between hydronium and target organic compounds 
will occur without interference from the common inorganic constituents in clean air. On 
the other hand, most common organic molecules have proton affinity lower than 900 
kJ/mol, resulting in proton transfer taking place but avoiding ion fragmentation, thus 
achieving soft ionisation (Blake et al., 2009; Hansel et al., 1995). Because of the 
advantages of PTR-MS, it has been widely employed in various fields, such as 
environmental and atmospheric science, food science, medical science and forensics 
(Ellis & Mayhew, 2013; Lindinger et al., 1998). Brilli and co-researchers (2014) used 
PTR-TOF-MS for real time measurement of VOCs released from biomass burning. They 
found 132 different ions that were directly pertinent to the pyrogenic VOCs that were 
dominated by methanol, acetaldehyde, acetone, methyl vinyl ether, acetic acid and 
glycolaldehyde. Researchers also applied PTR-MS to monitor the volatile organic 
compounds emissions from tropical forest and fire emissions. They identified more than 
70% of the detected compounds and found that the most abundant compounds were 
formaldehyde, acetaldehyde, methanol, acetone and acetic and formic acid (Karl et al., 
2007). Despite the widespread applications of PTR-MS on the VOCs analysis, some of 
its limitations hinder the feasibilities of using PTR-MS for VOCs analysis in wood 
smoke. As discussed in Section 2.3, wood smoke contains hundreds of VOCs, and from 
the standpoint of fingerprinting analysis, sample concentration and enrichment would 
need to be considered to avoid missing any potential odour-active VOCs. This design 
would invalidate the main advantage of PTR-MS, which is direct analysis in real time. 
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Moreover, in this technique the identification of VOCs only relies on the mass spectrum 
even though this is high resolution (Majchrzak et al., 2018). By contrast, other than the 
mass spectrum, the VOC identification with GC-MS is supported by the retention indices 
of VOCs after GC separation  (Bianchi, Careri, Mangia, & Musci, 2007). Therefore, GC-
MS is a better option than PTR-MS for the analysis of VOCs in smoke for identification 
and characterisation. 
2.6.3 GC-Olfactometry for odour active compounds 
Of the VOCs that are generated from the thermal conversion of biomass, the odour-active 
compounds draw much attention as they are the active ingredients in smoked food that 
impact on the flavour properties. Indeed, with the techniques discussed above, one may 
obtain the chemical composition/profile of the biomass thermal decomposition products. 
However, from a perspective of food flavour analysis, it is far from enough. Quoting 
from Tilgner, one of the pioneers of modern smoking technology, “in studying the 
contribution of smoke compounds to sensory effect of smoking or smoke flavouring, the 
dual approach involving parallel sensory and instrumental analysis of the same material 
is necessary in order to obtain informative results” (Kostyra & Baryłko-Pikielna, 2006). 
The combination of gas chromatography-mass spectrometry and olfactometry, namely 
GC-O, provides an effective solution to obtain the chemical and sensory profile 
simultaneously and determine the compounds that contribute to the aroma properties of 
smoked food. Here olfactometry refers to using human assessors, normally a trained 
sensory panel, as a powerful detector of high specificity and sensitivity for odour-active 
components (d'Acampora Zellner et al., 2008; Delahunty, Eyres, & Dufour, 2006). From 
the standpoint of odour evaluation, the human nose is commonly regarded as the most 
effective and valuable “analytical instrument” (Brattoli et al., 2011). Despite the wide 
variation between individuals, the human nose can outperform the most sensitive 
detectors in terms of odour threshold measurement, which is reported to be as low level 
as ppt for certain compounds (Delahunty et al., 2006; Doleman & Lewis, 2001; Gralapp, 
Powers, & Bundy, 2001; Walker et al., 2003). Apart from the sensitivity, the human nose 
is also remarkable with the capability of distinguishing a great number of odour 
characters. Only a small proportion of VOCs present in a sample typically contribute to 
the overall sensory perception and they must be odour-active and present at 
concentrations above their threshold. In addition, the odour-active compounds do not 
contribute equally, thus components with high response detected from chemical detector 
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do not necessarily correspond to an intensive odour, and vice versa (d'Acampora Zellner 
et al., 2008; Delahunty et al., 2006). It is known that the detection limits of human nose 
vary with types of odour-active compounds because the odour molecules trigger the 
odour stimulation of human olfactory receptor cells to varying degrees. Therefore, in 
conjunction with the concentration, the human nose detection limit of the odour-active 
compound determines its sensory importance, although the interaction between odour 
molecules with each other and food constituents should not be ignored (d'Acampora 
Zellner et al., 2008). With the advent of the GC-O technique, a human assessor can 
potentially detect an odour-active compound isolated from volatile matrices with gas 
chromatography, interpret its intensity and describe its characterisation. A number of 
critical reviews have been published to introduce principles, method categories, 
applications and future trends (d'Acampora Zellner et al., 2008; Delahunty et al., 2006; 
Mayol & Acree, 2001; Van Ruth, 2001). Based on the analysis purpose and principle, 
GC-O could be categorised into three main methods: dilution to threshold, detection 
frequency, and direct intensity. The dilution to threshold method is conducted based on 
successively diluting an extract until the assessor(s) cannot detect any odour-active 
compound, thus evaluating the odour potency. This method is comprised of two variants, 
namely CHARM (combined hedonic aroma response method) that combines odour 
duration and dilution value, and AEDA (aroma extract dilution analysis) that only 
exhibits the maximum dilution factor. However, unlike the dilution method, detection 
frequency indirectly infers intensity and direct intensity measures the odour intensity 
(Delahunty et al., 2006). Considerable numbers of applications of GC-O to odorant 
analysis have been reported with the development and evolution of methodologies and 
hardware design of this technique, ranging from food industries (dairy, coffee, wine, 
fruits etc.) (Chin, Eyres, & Marriott, 2011; Culleré, Escudero, Cacho, & Ferreira, 2004; 
Friedrich & Acree, 1998; Jordán, Tandon, Shaw, & Goodner, 2001; Plutowska & 
Wardencki, 2008), flavour/fragrance industries (Bartsch, Uhde, & Salthammer, 2016), 
and water industries (Hobbs et al., 1995). Kosowska et al. (2018) applied GC-O and 
AEDA to detect aroma compounds in smoked loin and identified 27 odour-active 
volatiles that were dominated by guaiacol and its derivatives (2-methoxy-4-(prop-2-
enyl)phenol and 2-methoxy-4-(E)-(prop-1-en-1-yl)phenol) with the highest dilution 
factor. Using the same methodology, Pu et al. (2020) investigated the aroma compounds 
in smoked pork leg and also concluded that phenols (guaiacol, 3-ethylphenol, etc.) were 
the key odour-active compounds, and also first characterised 2-acetyl-1-pyrroline in 
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smoked pork leg. However, some limitations and drawbacks of this powerful technique 
should not be ignored, including but not limited to its time-consuming nature; false 
results due to the overlapping peaks; repeatability of the assessors’ response, varying 
with different panels and individual panellist over time; and whether the sample extract 
accurately represents the real matrices (Delahunty et al., 2006). 
2.7 Aroma compounds in biomass smoke and their sensory attributes 
Aroma compounds are a group of chemicals that are odour-active and volatile enough to 
be transported to the olfactory receptors, triggering the sense of olfaction (Lawless & 
Heymann, 2013). Depending on the chemical structure, aroma compounds provide 
various flavour notes with different quality and intensity characteristics. However, it 
should be noted that despite considerable numbers of olfaction studies, the relationship 
between structure and odour is still inexplicit (Genva, Kenne Kemene, Deleu, Lins, & 
Fauconnier, 2019; Turin, 2002).  
Wood smoke contains hundreds of aroma compounds with different functional groups 
and the reactions with components in food, such as fat, proteins, etc. are complex. From 
the standpoint of sensory attributes of wood smoke on food, the components of wood 
smoke can be categorised into different groups that play various roles in processing food. 
For instance, the phenolic compounds, as a crucial class that mainly derive from the 
thermal decomposition of lignin (Cadwallader, 2007; Varlet, Knockaert, Prost, & Serot, 
2006), provide flavouring and antiseptic functions (Cadwallader, 2007; Guillén & 
Errecalde, 2002; Hollenbeck, 1994). On the other hand, furanic compounds  that are most 
probably generated from the thermal decomposition of hemicellulose are related to the 
overall sensory properties of wood smoke by softening the heavy smoky flavours 
associated with phenolic compounds (Cadwallader, 2007; Kim et al., 1974; Varlet et al., 
2006). These compounds are also known to carry burnt/cooked and roasted aromatic 
notes, and be responsible for the colour of smoked food products (Varlet et al., 2006). 
Although acids and aldehydes might be present at lower levels than phenolic compounds, 
they have important flavour and colour contribution (Toledo, 2007). Acids in smoke are 
pertinent to the flavour and stability, while aldehydes (e.g. hydroxyacetaldehyde, 
acetylformaldehyde (2-oxopropanal), etc.), derived from thermal decomposition of 
cellulose, also colour the food via the Maillard reaction with proteins in food 
(Cadwallader, 2007; Hollenbeck, 1994).  
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It was reported that only these phenols with a boiling point of 76 °C - 89 °C at 0.533 kPa 
exhibit smoke-like flavour (Shahidi & Naczk, 2004), of which the pleasant smoky flavour 
is predominated by syringol, guaiacol, 4-methylguaiacol, 4-methylsyringol and eugenol 
(Varlet et al., 2006). However, it is intriguing that guaiacols contribute to a smoky taste, 
while syringols offer a smoky odour (Fiddler, Wasserman, & Doerr, 1970; Shahidi & 
Naczk, 2004). Varlet and co-researchers (2006) compared the aroma profiles of smoked 
and unsmoked salmon fish, and characterised the odour-active compounds. They 
concluded that phenolic compounds, in comparison with others, can be used as indicators 
to monitor the smoke creation and intensity of the curing process because they were 
found to contribute to the smoked odour. The thermal decomposition product from 
cellulose, hydroxyacetaldehyde (glycolaldehyde) was reported to show the highest 
browning index, nearly four times as high as furfural (18.9 versus 4.9) (Hollenbeck, 
1994). Originating from the thermal decomposition of lignin, vanillin gives a “vanilla-
like” odour and was found to have a very low odour threshold value (0.00016 ppb - 92.9 
ppb) (Murnane, Lehocky, & Owens, 2013; Schreiner, Bauer, & Buettner, 2018). The 
furan derivative, 2-furanmethanol was reported to form from thermal decomposition of 
cellulose (Zhao et al., 2017) and give “burnt” odours (Gorska, Nowicka, Jaworska, 
Przybylski, & Tambor, 2017). Although the compounds with different functional groups 
carry various flavours, one should note that a complex mixture rather than individual 
components is pertinent to the flavour characteristic of smoke products (Shahidi & 
Naczk, 2004). Table A.1 summarises the major identified aroma compounds yielded 
from the thermal decomposition of various types of biomass. 
2.8 Summary of literature review 
This literature review has illustrated the high complexity of VOCs in smoke derived from 
the thermal decomposition of wood, and that a considerable amount of research has been 
performed to reveal the influence of smoke generation conditions upon the VOC 
composition of wood smoke. However, these studies have shown a wide range of 
experimental and analytical approaches, lacking cohesion, with a variety of different 
feedstock, and commonly with very specific applications or for analysis of specific food 
products. Thus, a considerable research gap still exists on how to manipulate the smoke 
generation conditions to achieve levels of specific VOCs in the gas phase of smoke. In 
addition, very limited research has considered both aspects of manipulating the flavour 
levels and specific VOCs while simultaneously minimising the levels of carcinogenic 
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PAHs. The literature review supported that there is no published data regarding VOCs 
that contribute to the flavour character of kānuka wood smoke. This knowledge gap in 
the public domain will be addressed through systematic research to improve the 
consistency and quality of wood smoke used for smoking food products. Although the 
literature review supported the availability of various sampling methods for VOCs, the 
application of SBSE in the analysis of VOCs from cigarette smoke seems promising, 
especially considering its potential compatibility to achieve inline sampling of VOCs 
from wood smoke in the smoke generator itself, which has not been reported previously 
to author’s best knowledge. Analysis of the extracted VOCs will be conducted using GC-
MS to achieve identification. 
Chapter 3 Development and characterisation of laboratory-scale smoke generator 
55 
Chapter 3 













Part of the contents presented in this chapter has been published previously as a peer-
reviewed book chapter: Zhang, Y., Eyres, G., Silcock, P., & Jones, J. (2019). 
Development and Performance Characterization of a Lab-Scale Smoke Generator. In 
Sex, Smoke, and Spirits: The Role of Chemistry (pp. 81-92): ACS Publications. 
doi: 10.1021/bk-2019-1321.ch007  
Chapter 3 Development and characterisation of laboratory-scale smoke generator 
56 
3.1 Introduction 
Smoke used in food processing is produced from the thermal decomposition of a variety 
of biomass types including wood. The thermal decomposition of the three main 
components in wood (hemicellulose, cellulose, and lignin) yields hundreds of chemical 
compounds, many of which are important to the flavour, colour, and preservation of food. 
For instance, phenolic compounds, which are mainly derived from the thermal 
decomposition of lignin (Cadwallader, 2007), provide flavouring and antimicrobial 
functions while the carbonyl compounds contribute to colour development by reacting 
with proteins in food (Cadwallader, 2007; Guillén & Errecalde, 2002; Hollenbeck, 1994). 
In New Zealand, the majority of smoked food is produced using smoke generated from 
what is typically called kānuka (Kunzea ericoides) wood. 
The chemical composition of wood smoke varies due to several factors including smoke 
generation conditions, collection procedures, species, water content of feedstock, and 
time (Šimko, 2005). Wood smoke generation parameters reported to have the greatest 
effect on product yields and composition from wood thermal decomposition are 
temperature (heating rate and maximum temperature) and atmosphere (oxygen content 
and sweeping gas flow rate) (Demirbas, 2004b). Although the literature has studied the 
mechanism for how the thermal decomposition parameters influence the chemical 
composition of wood smoke (Fretheim et al., 1980; Guillén & Ibargoitia, 1999; 
Pöhlmann et al., 2013), the chemical composition and sensory profile of kānuka smoke 
are not well characterized. In particular, the process for tuning the smoke composition by 
manipulating generation parameters to achieve a desired intensity and sensory character 
while minimizing polycyclic aromatic hydrocarbons (PAH) formation is poorly 
understood. Generally, volatile organic compounds (VOCs) from thermal decomposition 
are generated and released at reaction temperatures ranging from 150 °C - 400 °C (Fang 
et al., 2006), with defined regions of decomposition for hemicellulose (220 °C - 315 °C), 
cellulose (315 °C - 400 °C), and lignin (160 °C - 900 °C) (Yang et al., 2007).  
PAHs are a group of bioaccumulative compounds, some of which are carcinogenic and 
mutagenic (Armstrong et al., 2004). PAHs are mainly formed during biomass pyrolytic 
reactions (in particular during incomplete combustion) and their concentrations have 
been shown to increase as the thermal decomposition temperature increases from 400 °C 
to 1000 °C (Toth & Blaas, 1972). PAH content also varies depending on the types of 
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wood species, with poplar and hickory producing 35% - 55% fewer PAHs than beech 
wood (Hitzel et al., 2013) when smoke is generated by air smouldering. When comparing 
smoking methods, it has been reported that friction smoking produces fewer PAHs than 
air smouldering, superheated steam, or hot plate smoking (Pöhlmann et al., 2013). These 
studies show that PAH generation has only been studied for a broad class of smoke 
generation methods and not as a function of the conditions of smoking.  
Due to the carcinogenic and bioaccumulative properties of PAHs, the European Union 
enacted regulations in September 2014 that set maximum levels for PAHs in food 
including smoked meat and smoked fish. Examples of the limits include 5.0 μg/kg and 
30.0 μg/kg for benzo(a)pyrene and the sum of benzo(a)pyrene, benz(a)anthracene, 
benzo(b)fluoranthene, and chrysene, respectively (Commission, 2014). The U.S. 
Environmental Protection Agency (EPA) also includes these compounds on their list 
defining 16 priority PAHs according to potential toxicity for human exposure or 
frequency of occurrence at hazardous waste sites (Sánchez et al., 2013). Because of the 
stringent regulations on these hazardous compounds, it is necessary to understand the 
mechanism of PAH generation and thus determine how to minimize their formation. 
Stir-bar sorptive extraction (SBSE) is a solventless sorptive extraction technique for 
concentrating volatile and non-volatile compounds and has been widely used as a sample 
pre-treatment since it was first introduced in 1999 (Baltussen et al., 1999). Compared to 
solid-phase microextraction (Bicchi et al., 2002), SBSE possesses a higher sensitivity (up 
to 1000 times greater) due to the higher phase volume, making it a highly suitable 
technique for analysing trace and ultra-trace levels of analytes (Alves et al., 2005; 
Nogueira, 2015). This technique allows adsorption either by direct immersion into liquid 
or from the gas phase. For example, a study by Kaur and co-workers successfully 
characterized the diluted vapour phase of cigarette smoke employing headspace SBSE 
coupled to gas chromatography-mass spectrometry (GC-MS) (Kaur, Cabral, Morin, & 
Waldron, 2011). Considering the advantages and successful applications of SBSE, direct 
SBSE sampling of smoke combined with GC-MS analysis was selected to profile the 
chemical composition of kānuka smoke in this study.  
Our research objective in this chapter was to develop an online sampling methodology 
and analytical method(s) for the analysis of smoke samples, whereby kānuka smoke 
could be generated and collected under defined conditions. Two system temperatures in 
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association with two extreme atmospheres (air and nitrogen) were selected: 280 °C, 
where the VOCs arise mostly from hemicellulose and cellulose decomposition, and 480 
°C, where most of the lignin has also been decomposed. The impact of thermal 
decomposition temperature and atmosphere on the chemical composition of smoke was 
investigated by direct inline sampling of the VOCs in smoke with SBSE and subsequent 
analysis with GC-MS. 
3.2 Materials and Methods 
3.2.1 Materials 
One kānuka wood log was debarked and provided by JB & HA Brosnahan Ltd (Ohope, 
New Zealand) and ground into a powder using a Stanmore Tabletop Hammer Mill (Glen 
Creston, London, U.K.). The moisture content of the air-dry kānuka wood (8.6%) was 
determined by loss on drying according to the standardized approach outlined by the 
United States Pharmacopeia <731> loss on drying (USP, 2016). In brief, wood powder 
was heated at 105℃ for 2.5 hours to remove the moisture. This method can also be used 
to approximately determine the moisture content if water is the only volatile constituent 
or level of moisture is much higher than that of other volatiles. Constant weight (two 
consecutive weights not differing by more than 0.50 mg) was reached after 2 hours, 
indicating that the moisture had been totally removed. Water activity was 0.45, which 
was measured using a water activity meter (AQUALAB 4TE, Meter Group, Pullman, 
WA, USA). The levels of C, H, N, O and ash were 48.74%, 7.66%, 0.20%, 43.00% and 
0.40%, respectively (dry weight basis) (Chen, and Jones; Personal Communication). The 
wood powder contained 36.04% of lignin and 58.41% of cellulose and/or hemicellulose, 
which was measured by Veritec, the analytical chemistry laboratory of Scion (Rotorua, 
New Zealand). The particle size of the wood powder was determined by sieve analysis 
using 100 g of wood powder and a geometric series of laboratory test sieves 
(ENDECOTTS, London, U.K.) with aperture sizes ranging from 100 μm to 850 μm on a 
test sieve shaker (EFL2 mk3, ENDECOTTS) for 10 min (Figure 3.1). A mixture of wood 
powder fractions ranging from 250 μm to 850 μm was combined and used for further 
study. Refer to Figure 3.2 for the appearance of wood powder after sieving. 
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Figure 3.1 Particle size distribution of kānuka wood powder as determined by sieve 
analysis. Particle size limits refer to the aperture sizes of the sieves. Error 



































Figure 3.2 Appearance of sieved kānuka wood powder: a) <100 µm; b) 100-250 µm; 
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3.2.2 Smoke Generation and Collection 
To generate and collect wood smoke under defined conditions in a controllable manner, 
a glass laboratory-scale smoke generator was designed. The system comprised of three 
functional parts including sweep gas flow control, a smoke generation vessel, and inline 
sampler (Figure 3.3). The sweep gas flow rate was controlled using a fine-flow needle 
valve. The smoke generation vessel was a custom-made 450 mL flat-bottomed 
borosilicate glass flask with four ports that allowed for the introduction of the sweep gas, 
temperature monitoring, wood powder introduction, and smoke exit and collection, 
respectively. The vessel base was preheated to a target temperature with an electric 
hotplate (MS7-H550-Pro, DLAB Scientific, Beijing, China), before introducing 2 g of 
wood powder. The target temperature was defined by a thermocouple positioned on the 
flat bottom surface of the flask. It should be noted that a higher temperature was set on 
the hotplate to achieve the target temperature due to the heat transfer efficiency and 
inevitable energy loss. This was determined empirically during pilot testing. After the 
wood powder introduction, the power of hotplate was adjusted to maintain the bed 
temperature at target values during the smoke collection. The VOCs generated from the 
thermal decomposition of wood powder were flushed from the smoking vessel in the gas 
stream and captured in-line using SBSE (Twister; 10 mm; 0.5 mm film thickness; 
Gerstel, Germany), a magnetic stir bar sealed within a glass tube and coated with 
polydimethylsiloxane (PDMS) as the extractive phase.  
 
Figure 3.3 Schematic of laboratory–scale smoke generator. 
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Preliminary experiments were carried out to determine whether the generator could 
produce smoke under defined conditions allowing for investigation into the influence of 
generation parameters, including temperature and atmosphere, on the chemical 
composition of wood smoke. For this study, smoke samples were generated at two 
temperatures (280 °C and 480 °C) under either air or nitrogen using a flow rate of 50 
mL/min. After preheating the smoke generation vessel to one of the set temperatures (280 
°C or 480 °C) using a hotplate (MS7-H550-Pro, DLAB Scientific, Beijing, China), 
kānuka wood powder (2 g) was added. Smoke was collected for 10 - 40 min in the first 
experiment to evaluate the effect of exposure time and constantly over 40 min for 
subsequent experiments.  
3.2.3 Analysis of VOCs in Smoke 
For each experiment, the VOCs in the wood smoke were extracted using SBSE with two 
PDMS stir bars positioned at the vent of the smoke generation vessel (Figure 3.3). Stir 
bars were positioned as close to the vessel as possible but far enough away to ensure that 
the temperature did not exceed 100 °C, to prevent decomposition of the PDMS adsorbent 
phase. Once the smoke collection was completed, the SBSE bars were rinsed with 
deionized water and dried with lint-free tissue, then placed in glass desorption tubes 
(length 60 mm, outer diameter 6 mm, inner diameter 4 mm; Gerstel), and transferred to 
the multipurpose sampler (MPS, Gerstel) for analysis. The tubes were automatically 
transferred to the Gerstel thermal desorption unit (TDU), which was initially held at 
50 °C for 0.5 min, then increased to 240 °C at 120 °C/min, and followed by a 10 min 
hold. The thermally desorbed compounds were flushed from the TDU using hydrogen 
(100 mL/min), cryogenically trapped, and then focused in an empty, baffled glass liner 
at -60 °C with liquid carbon dioxide in the cooled injection system (Gerstel CIS4), which 
was equipped with an empty baffled glass inlet liner. VOCs were transferred onto the GC 
column by heating the inlet from -60 °C to 240 °C at 720 °C/min and then held for 10 
min in solvent vent mode.  
Separations were performed on a polar SolGel-WAX column (length 30 m, inner 
diameter 0.25 mm, film thickness 0.25 μm; Trajan Scientific, Australia) with hydrogen 
as the carrier gas under constant flow (1.6 mL/min). The initial GC oven temperature was 
50 °C, which was held for 4 min, then increased to 210 °C at 5 °C/min, then increased to 
240 °C at 10 °C/min, and held for 10 min. Analysis was carried out on an Agilent 7890B 
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GC system equipped with 5977A MSD (Agilent Technologies, Beijing, China), which 
was operated in electron ionisation mode with an electron energy of 70 eV. The 
temperature of the transfer line to the MS was set to 230 °C and the quadrupole was set 
to 150 °C. Mass spectra were scanned from m/z 30–300.  
3.2.4 Identification of VOCs in Smoke 
The identification of compounds was tentatively achieved using the mass spectra 
compared to the National Institute of Standards and Technology (NIST 2014) database 
supported by retention indices (RIs). The RI of each compound present in the smoke 
samples was calculated according to the linear RI regression of normal alkanes (C7 - C30, 
1 mg/mL in hexane, Supelco, USA.) established under the same GC thermal program. 
RIs from the literature were used to confirm the identity of compounds by comparing 
them with experimental RIs from the present study (Bianchi et al., 2007). For the purpose 
of quantitative comparison, the peak response of selected compounds was obtained from 
the integration of corresponding peak in the extracted ion chromatogram that was 
generated using the parent ion from total ion chromatogram. 
3.3 Results and Discussion 
3.3.1 Generation and Collection of Smoke 
Two temperatures, 280 °C and 480 °C, were selected to evaluate the performance of the 
smoke generator. Their impact on the thermal conversion process was determined by 
measuring VOC generation. The smoking vessel was preheated to either 280 °C or 480 
°C, after which the wood powder was introduced. The wood powder was at room 
temperature, so when it is added to the vessel, the thermocouple recorded a temperature 
decrease of up to 27 °C for the 280 °C trial and 89 °C for the 480 °C trial. In the 280 °C 
trial, it returned to the set point within 3.3 min and for the 480 °C trial, it returned to the 
set point within 2.5 min. For the remainder of the smoke generation collection time, the 
thermocouple deviation was no more than ± 11 °C and ± 4 °C for the two set points, 
respectively. Refer to Appendix B.1 and B.2 for the temperature profiles of smoke 
generation under air and nitrogen. The decrease in temperature can be attributed to the 
energy required to evaporate the moisture content of the air-dry wood and due to the 
amount of heat required to raise the temperature to the set point. Using an oxygen meter, 
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the measured oxygen level from the smoking vessel before sample introduction under air 
was 22.4%, and the measured oxygen content under nitrogen was 0.0%.  
3.3.2 Comparison of VOC Profiles in Smoke Samples as a Function of SBSE 
Exposure Times 
Other than smoke generation–related parameters such as temperature and atmosphere, 
the SBSE stir bar exposure time during smoke sampling can also affect the measured 
chemical profile of wood smoke. The extraction efficiency for SBSE is determined 
largely by the partitioning coefficient of target compounds between the adsorbent phase 
and the sample matrix (Qin, Bragg, Ouyang, & Pawliszyn, 2008). Therefore, the effect 
of SBSE stir bar exposure time on the smoke flow was investigated using exposure times 
of 10 min, 20 min, 30 min and 40 min. 
As shown in Figure 3.4, the chromatograms of smoke VOCs generated at 280 °C under 
air and collected after exposure times of 10 min - 40 min are qualitatively similar. To 
compare the performance at different exposure times, the peak response for each VOC 
was normalized against its corresponding peak after a 40 min exposure time. In general, 
the peak response of most VOCs in smoke collected for 20 min was higher than that in 
samples collected for 10 min, but comparable with the samples collected for 30 min and 
40 min. For example, the relative peak responses of vanillin (retention time ~37.3 min) 
after exposure to smoke for 10 min, 20 min, 30 min and 40 min were 0.9, 1.0, 1.2, and 
1.0, respectively. This indicates that a constant concentration had been reached within 20 
min. However, it was observed that the response of early peaks that eluted before 24 min 
decreased as exposure time increased. For example, the relative peak responses of 
furfural (retention time ~15.8 min) after exposure to smoke for 10 min, 20 min, 30 min 
and 40 min were 21, 19, 2, and 1, respectively. This indicates that a sampling time of 20 
min is sufficient to maximize the peak response for smoke experiments.  
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Figure 3.4 GC-MS chromatograms (full scan) of kānuka smoke generated at 280 °C 
under air with different sampling times. 
3.3.3 Comparison of VOC Profiles in Smoke Samples Generated Under Various 
Conditions 
The effect of temperature on smoke generated under air at 280 °C and 480 °C is shown 
in Figure 3.5. Generally, the VOCs collected from smoke generated at 280 °C and 480 °C 
were similar from a qualitative point of view in that they shared the same major 
components, and the VOC with the highest peak response at both temperatures was 
isoeugenol (2-methoxy-4-propenylphenol). However, for some of the VOCs present, 
their abundance varied considerably between the two temperatures. For example, the 
detected level of furfural (retention time ~16.1 min) and 5-methylfurfural (retention time 
~18.7 min) decreased dramatically by 19 and 15 times, respectively, when the 
temperature was increased from 280 °C to 480 °C. This may be because both compounds 
are formed from the thermal decomposition products of hemicellulose with xylose as the 
precursor (Lu et al., 2012) and the thermal decomposition of hemicellulose occurs at 
relatively lower temperatures compared to cellulose and lignin (Beaumont & Schwob, 
1984; Yang et al., 2007). At 480 °C, furfural and 5-methylfurfural may be partially 
destroyed from secondary decomposition while still within the smoking vessel. However, 
this result is in conflict with the findings of Shen et al. (2010), who investigated the 
pyrolytic behaviour of xylan-based hemicellulose using thermogravimetic-FTIR and 
Pyrolysis-GC-FTIR, finding that high temperature promoted furfural formation. 
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However, Shen et al. (2010) also utilized a higher temperature range (400 °C - 690 °C) 
and a completely different experimental set up. The result from this study and the 
differences with the results of other researchers do indicate that smoke composition can 
be highly influenced by system design. 
The chromatograms show considerable peak overlapping between 25 min - 35 min, 
indicating a high degree of chemical complexity. Peak integration and spectral 
deconvolution indicated that the samples contained more than 300 chemical compounds, 
making data analysis challenging.  
 
Figure 3.5 GC-MS chromatograms (full scan) of kānuka smoke generated under air at 
480 °C and 280 °C (40 min exposure). 
To quantitatively compare the thermal decomposition products of kānuka wood 
generated at 280 °C or 480 °C under nitrogen or air, six representative compounds were 
selected (Figure 3.6). The peak response of each compound was obtained from the 
integration of the corresponding peak in the extracted ion chromatogram that was 
generated using the parent ion from total ion chromatogram. These six VOCs, previously 
identified as odour-active in smoke (Cadwallader, 2007), are syringol (2,6-
dimethoxyphenol), guaiacol (2-methoxyphenol), phenol, m-cresol (3-methylphenol), 
acetol (hydroxyacetone), and furfural.  
 





















Figure 3.6 Comparison of six representative compounds under different smoke 
generation conditions. The y-axis represents the relative peak response 
after normalisation against the corresponding peak in the smoke sample 
generated at 280 °C under air. Error bars denote the standard error 
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Derived from the thermal decomposition of lignin, syringol has been associated with 
smoky, phenolic, and balsamic odours. This compound has been found in smoke 
generated from various types of biomass including oak, rice husk, hickory, pine, 
cottonwood, cherry tree, bamboo, and cedar (Cadwallader, 2007; Montazeri et al., 2013; 
Vichi et al., 2007). The highest levels of syringol in the current study were observed at 
280 °C under both atmospheres; where the air atmosphere favoured formation more than 
the nitrogen atmosphere (Figure 3.6). A similar tendency was observed for guaiacol, 
which also originates from lignin thermal decomposition. Phenol and m-cresol were 
previously identified as providing phenolic odours in oak, hickory, and pine smoke 
(Fiddler, Doerr, et al., 1970; Mukarakate et al., 2014; Mullen, Boateng, Mihalcik, & 
Goldberg, 2011). In contrast to the levels of syringol and guaiacol, Figure 3.6 illustrates 
that the highest levels of phenol and m-cresol were measured at 480°C under nitrogen 
followed by levels under air. It has been reported that the formation of non-methoxy 
phenols increases under higher temperature, whereas the reverse is observed for the 
formation of methoxy-containing phenols (Lou, Wu, Lv, & Guo, 2010; Mu, Ben, 
Ragauskas, & Deng, 2013). Thermal decomposition of lignin leads to the formation of 
guaiacyl and syringyl compounds. As the temperature is increased to about 450 ºC, 
methoxy groups become reactive and demethoxylation occurs, leading to the formation 
of methylphenols. The aromatic hydroxyl group and the methyl group in phenolic 
compounds with no methoxy groups were found to be thermally stable. Therefore, higher 
temperature results in higher levels of phenol and methylphenols. The presence of 
molecular oxygen was reported to favour the depolymerisation of lignin through a free 
radical mechanism, thus facilitating the formation of free radicals, and/or behaving as a 
free radical. However, at relatively high temperature, secondary reactions involving 
oxidation occur that inhibit the formation of phenol and methylphenols (Bai et al., 2014; 
Butt, 2006; Jiang, Nowakowski, & Bridgwater, 2010). Acetol, which has pungent, sweet, 
and caramellic odours, has been found in the pyrolysis products of rice husk and hickory 
(Fiddler et al., 1966; Pino, 2014). Unlike syringol, the highest production of acetol was 
detected under nitrogen at 280 °C. For furfural, higher levels were detected at the lower 
temperature regardless of the atmosphere. This can be partially explained by the fact that 
furfural is derived from hemicellulose that is decomposed at relatively low temperature 
(Zhou, Li, Mabon, & Broadbelt, 2017). This is also possibly due to the inline, dynamic 
sampling approach and the balance between compounds in the gas phase and the 
extraction phase of the SBSE stir bar.  
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3.3.4 Comparison of PAHs in Smoke Samples Generated Under Various 
Conditions 
The levels of PAHs in smoke were investigated as a function of the smoke generation 
conditions. Using the gas phase sampling approach, only eight light PAHs (naphthalene, 
acenaphthylene, acenaphthalene, fluorene, phenanthrene, anthracene fluoranthene, and 
pyrene) were detectable in the gas phase by SBSE. The molecular weights (M.W.) of the 
detected compounds were all less than 202 g/mol. Due to their low volatility and low 
vapour pressure, PAHs with M.W. greater than 202 g/mol were most likely in the 
condensed phase prior to the smoke making contact with the SBSE stir bar for extraction. 
It was previously reported that PAHs with four or less aromatic rings are associated with 
particulate matter and the smoke gas phase, while PAHs with more than four aromatic 
rings are mainly only present in condensed particulate phases (Akyuz & Cabuk, 2010). 
These results concur with the findings of Fagernäs and co-workers, who investigated the 
PAH distribution in products produced during slow pyrolysis of birch wood and reported 
that only PAHs with M.W. less than 202 g/mol existed in gaseous products (Fagernäs et 
al., 2012).  
Figure 3.7 shows a comparison of naphthalene, acenaphthalene, fluoranthene, and 
pyrene detected in smoke generated at 280 °C or 480 °C under nitrogen or air. In general, 
higher levels of all detected PAHs from the smoke were found at 480 °C when under 
either nitrogen or air. The smoke generation atmosphere had a large effect while in a 
PAH-specific manner, and it appeared to display a PAH-atmosphere-smoke generation 
temperature interaction. For fluoranthene and pyrene, smoke generation under an air 
atmosphere resulted in higher detected levels at 280 °C and 480 °C compared to results 
from the nitrogen atmosphere. As air causes smouldering in conventional smoke 
generation, localized temperature hotspots (i.e. embers) are created, thus promoting the 
formation of these larger PAHs. In contrast, the highest level of naphthalene was detected 
from smoke generated under nitrogen at 480 °C. For acenaphthalene, the use of air or 
nitrogen as a smoke generation atmosphere had no effect on detected levels at 280 °C or 
480 °C. The presence of oxygen was reported to have two competing effects, namely, it 
promotes the formation of pyrolysis products by increasing free radicals and it breaks 
down pyrolysis products by oxidation reactions (Thomas & Wornat, 2008). The impact 
of atmosphere (percentage of air in N2) on PAHs reflected which of these reactions was 
dominant. It should be noted that under the current GC thermal program, phenanthrene 
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and anthracene both co-eluted and could not be deconvoluted by either their mass ion (as 
they had the same molecular weight) or by RIs due to their similar polarity. In future 
research, the GC separation method will be refined to resolve this co-elution. In addition, 
the collection in the smoke aerosol phase on glass fibre (Sánchez et al., 2013) will be 
investigated to determine the concentrations of all PAHs of regulatory concern under 




Figure 3.7 Comparison of levels of selected PAHs under different conditions. The y-
axis represents the relative peak response after normalisation against 
the corresponding peak in a smoke sample generated at 280 °C under air. 
Error bars denote the standard error calculated depending on two 
replicates. 
3.4 Conclusions 
A laboratory-scale smoke generator was designed that allowed for the collection of VOCs 
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wood smoke showed that the formation of VOCs varied depending on the reaction 
temperature and applied atmosphere. This introduces the possibility of manipulating the 
smoke generation conditions to achieve specific VOC outcomes with the ultimate goal 
of modifying smoke flavour. Smoke generation at 480 °C promoted the formation of 
PAHs, and the use of air or nitrogen resulted in PAH-specific effects. The mechanisms 
behind VOC generation and the decomposition pathways of the wood components under 
different smoke generation conditions require further research. The use of the glass-
smoking vessel under defined conditions in combination with the developed GC-MS 
methodology will allow for characterisation of the kānuka smoke and, more importantly, 
allow smoke composition to be tuned to meet consumer, manufacturing, and regulatory 
requirements. In Chapter 4, using this laboratory scale smoke generator, the impact from 
temperature and atmosphere on VOC profile of kānuka smoke will be primarily 
investigated to select the boundaries of temperature and atmosphere for further response 
surface modelling. Chapter 5 will utilise the smoke generator system to investigate the 
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Changes in wood smoke volatile composition by manipulating the smoke generation 
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As one of the oldest food processing technologies, smoking has been widely used for 
thousands of years to preserve food and provide distinctively flavoured food. The three 
main components in wood are cellulose, hemicellulose and lignin, which undergo 
thermal decomposition in the absence, or under limited supply, of oxygen to generate 
smoke. Smoke is an aerosol comprised of water vapour, condensed liquid droplets, solid 
particles and gas phase compounds (Hampikyan & Colak, 2010). The chemical 
composition of smoke influences the flavour character and quality of smoked food, and 
varies with a number of factors, such as the time-temperature profile, atmosphere 
composition (oxygen supply) and feedstock type. Organic compounds such as aldehydes, 
alkanes and ethers are mainly released at relatively low temperatures, i.e., 200 - 400 ℃ 
and 300 - 450℃, from hemicellulose and cellulose, respectively (Yang et al., 2007). The 
presence of oxygen in the atmosphere influences the products by oxygen-enriching the 
components and oxidizing the C-C to C-O and C=O bonds (Fang et al., 2006). It is also 
known that different types of wood feedstock produce smoke with different sensory 
characteristics (Maga, 1987). A number of studies have demonstrated the relationship 
between smoke generation parameters and the composition of wood smoke (Fretheim et 
al., 1980; Guillén & Ibargoitia, 1999; Pöhlmann et al., 2013), but the effect of smoking 
conditions is not well understood, especially how to manipulate the flavour intensity and 
character by changing the generation parameters. 
Various methods for collection of volatile organic compounds (VOCs) from smoke, 
pyrolysis or combustion systems have been reported. Hedberg and co-workers (2002)  
used solid phase extraction with 2,4-dinitrophenylhydrazine-silica cartridges to extract 
aldehydes and ketones in emissions from birch combustion. Lou and co-workers (2015) 
quantified monophenols using an ice-salt bath to trap the pyrolysis volatiles. Liquid-
liquid extraction has also been utilized to extract volatiles from liquid smoke (Pino, 
2014). Ye developed a rapid analysis method, using solid phase microextraction (SPME) 
in combination with gas chromatography mass spectrometry (GC-MS), for the analysis 
of VOCs in cigarette smoke (Ye, 2008). Stir bar sorptive extraction (SBSE) is a solvent-
free technique similar to SPME, where the adsorbent phase is coated onto a magnetic stir 
bar instead of a fibre, allowing 50 - 250 times higher phase volume and hence leading to 
a higher extraction capacity (Baltussen et al., 1999). Very little research has been reported 




on direct sampling of smoke; rather, most research has focused on specific smoked food 
products (Da Silva et al., 2015; Yu et al., 2008), although VOCs in the vapour phase of 
cigarette smoke have been measured using the combination of SBSE headspace sampling 
and GC-MS (Kaur et al., 2011). 
A number of applications have also used pyrolysis-GC-MS to directly investigate the 
products and mechanism of plant-based biomass pyrolysis (Gao et al., 2013; Gu et al., 
2013; Zhang et al., 2017). However, in situ sampling for pyrolysis-GC utilizes only a 
limited amount of wood material (~20 mg), which might constrain the possibility of 
detecting some compounds that are present at trace levels. The current research objective 
is to determine the VOCs in smoke that are potentially transferred into a smokehouse for 
smoking food products. Therefore, the aim is to analyse the smoke VOCs within the 
transfer conduit after the majority of smoke cooling has occurred, such that it is a 
“representative” smoke of that carried to the smokehouse. In contrast, pyrolysis-GC 
quantitatively transfers all compounds generated onto the GC column, without any of the 
fractional distillation and condensation that occurs in an industrial smoking system.  
As a New Zealand indigenous hardwood species, kānuka (Kunzea ericoides) is widely 
used by the New Zealand food industry for smoking food. However, to our best 
knowledge, there is no published data on how the thermal decomposition conditions of 
kānuka wood affect the VOCs and sensory profile of kānuka smoke.  
As part of a project focusing on how to manipulate smoke production to tailor the 
resulting smoked food flavour, this chapter characterizes the VOCs in the vapour phase 
of kānuka smoke generated under defined conditions using a laboratory-scale smoke 
generator. The VOCs were trapped by direct in-line SBSE and analysed with GC-MS, 
providing boundary information of conditions for further experimental study in Chapter 
6. 
4.2 Materials and Methods 
4.2.1 Materials 
The details of kānuka wood powder was described in Chapter 3. 




4.2.2 Smoke generation and collection 
Wood smoke was generated and collected under either air or nitrogen at defined 
temperatures using a glass laboratory-scale smoke generator as described in Chapter 3.  
To determine the impact of generation conditions on the formation of VOCs in kānuka 
wood smoke, the samples were generated at four temperatures (180 °C, 280 °C, 380 °C 
and 480 °C) under either air or nitrogen using a flow rate of 50 mL/min. Refer to 
Appendix C.1 and C.2 for the temperature profiles of smoke generation at the four set 
temperatures under air and nitrogen. 
4.2.3 Analysis of VOCs in smoke  
The VOCs in the smoke were adsorbed by SBSE for further analysis. To minimize the 
influence caused by smoke condensation, duplicate SBSE stir bars were positioned at the 
smoking vessel outlet, as close to the smoking flask as possible but far enough away to 
ensure the they were not exposed to temperature > 100 °C in the presence of oxygen. 
After the smoke collection, SBSE stir bars were rinsed with deionized water, dried with 
lint-free tissue, then transferred to glass desorption tubes (60 mm, 6 mm, 4 mm, Gerstel) 
for further analysis with the multipurpose sampler (MPS, Gerstel). The VOCs were 
desorbed using the Gerstel Thermal Desorption Unit (TDU), using the following thermal 
program: 50 °C, 0.5 min hold, increased to 240 °C at 120 °C/min, held 10 min. The 
thermal desorption was followed by cryogenic trapping in an empty, baffled glass liner 
at -60 °C with liquid carbon dioxide in the cooled injection system (CIS4, Gerstel). VOCs 
were then transferred onto the GC column by heating the liner to 240 °C at 720 °C/min 
then held for 10 min in solvent vent mode with desorption flow at 100 mL/min.  
Separations were conducted using an Agilent 7890B GC system (Agilent Technologies, 
Beijing, China) with a polar SolGel-WAXTM column (30 m, 0.25 mm I.D., 0.25 μm film 
thickness; Trajan Scientific, Australia) using hydrogen as the carrier gas at 1.6 mL/min 
constant flow with an average velocity of 33.8 cm/s at 50°C. The flow was evenly split 
between the mass spectrometry detector (5977A MSD, Agilent Technologies, USA) and 
an olfactory port using an Agilent 3-way splitter with makeup gas (part number G3183-
60501) under constant pressure (7.3 psi), although olfactometry data was not collected 
for this study. 




The GC oven had an initial temperature of 50 °C held for 4 min, increased to 210 °C at 
5 °C/min and then to 240 °C at 10 °C/min, and held for 10 min. Detection was carried 
out by mass spectrometry in scan mode (30 to 300 m/z). The temperature of the mass 
spectrometer quadrupole was set at 150 °C, with the source set at 230 °C. To support the 
identification of selected VOCs, the smoke sample generated at 400 °C under nitrogen 
was also analysed on a non-polar HP-5MS column (30 m, 0.32 mm I.D., 0.25 μm film 
thickness; Agilent Technologies, USA) with the same GC oven program except that the 
final temperature set-point was 320 °C. 
4.2.4 Data processing  
Raw GC-MS data collected with Masshunter® (version B.07.02, Agilent Technologies, 
USA) was converted to netCDF format and then imported into the software package, 
PARADISe (version 3.1, University of Copenhagen, Denmark) for deconvolution based 
on a PARAllel FACtor analysis2 (PARAFAC2) model (Johnsen, Skou, Khakimov, & 
Bro, 2017). Compounds were identified by comparing their deconvoluted mass spectra 
to the National Institute of Standards and Technology (NIST 2014) database supported 
by retention indices (RI). The retention indices (RI) of each deconvoluted compound was 
obtained according to the linear RI regression of normal alkanes (C7 - C30, 1 mg/mL in 
hexane, Supelco, USA.) established under the same GC thermal program. Compound 
identification was achieved by comparison between RI from the literature and 
experimental RI from the present study with either the polar (WAX) or non-polar (HP-
5MS) column (Bianchi et al., 2007).  
Analysis of variance (ANOVA) using temperature (180 °C, 280 °C, 380 °C and 480 °C) 
and atmosphere (either air or nitrogen) as main effects and peak area of each compound 
as the response was carried out to identify VOCs that were significantly differentiated by 
the main effects (Minitab 18). Principal Component Analysis (PCA) was carried out 
using peak area of VOCs identified as significant (p ≤ 0.05) and normalized by 1/standard 
deviation to visualize the impact of temperature, air and nitrogen on VOCs using the 
Unscrambler® X (version 10.5, Camo Analytics, Norway). 




4.3 Results and Discussion 
4.3.1 Chemical profile of VOCs in kānuka smoke  
Spectral deconvolution and peak integration detected 308 chemical compounds in total. 
The most abundant peaks in kānuka wood smoke were furfural (aldehyde#3) at 180 °C, 
and cis-isoeugenol (phenol#14) at 280 °C, 380 °C and 480 °C, regardless of air or 
nitrogen atmosphere. Refer to Appendix C.3 for the representative total ion 
chromatograms (TICs) of smoke samples generated under air. To filter the detected 
compounds and to simplify the data interpretation, ANOVA was carried out to determine 
which VOCs were significantly (p ≤ 0.05) affected by temperature and/or atmosphere 
(air and nitrogen), leading to 284 compounds that accounted for at least 96.5% of the 
total peak response. Among these compounds, 62 volatile compounds were identified 
based on the comparison of the experimental mass spectra to the NIST 2014 database, 
and comparison of calculated linear retention indices (Calc. LRI) to the reference linear 
retention indices (Ref. LRI) obtained from open access online databases (Table 4.1). All 
of those compounds were classified according to Nomenclature of Organic Chemistry 
published by International Union of Pure and Applied Chemistry (IUPAC) (Favre & 
Powell, 2013). Of the identified chemicals, 19 phenolic compounds were found, making 
them the most dominant class followed by ketones (12) and aldehydes (10).  





















Phenols guaiacol (2-methoxyphenol) phenol#1 916 1851 1851 1110 1090 
 2-methoxy-methylphenol isomer † phenol#2 832 1867    
 2,6-dimethylphenol  phenol#3 874 1897 1894 1133 1128 
 creosol (2-methoxy-4-methylphenol) phenol#4 906 1929 1928 1200 1199 
 4-ethyl-2-methoxyphenol phenol#5 917 2004 2002 1307 1264 
 2,4-dimethylphenol phenol#6 823 2043 2050 1192 1181 
 3-methylphenol phenol#7 879 2057 2059 1110 1083 
 2-methoxy-4-propylphenol  phenol#8 837 2067 2081 1424 1374 
 2,3-dimethylphenol phenol#9 892 2103 2120 1218 1200 
 eugenol (2-methoxy-4-(2-propenyl)phenol) phenol#10 861 2112 2116 1411 1384 
 3,4-dimethylphenol phenol#11 872 2126 2189 1227 1197 
 2-methoxy-4-vinylphenol phenol#12 876 2133 2138 1349 1331 
 syringol (2,6-dimethoxyphenol) phenol#13 923 2183 2242 1421 1359 
 
cis-isoeugenol  
(cis-2-methoxy-4-propenylphenol) phenol#14 906 2253 2256 1466 1423 
 4-methyl-2,6-dimethoxyphenol phenol#15 846 2256 2317 1522 1473 
 2,6-dimethoxy-4-(2-propenyl)phenol phenol#16 940 2485 2535 1636 1609 
























 3-methyl-1,2-benzenediol phenol#17 811 2621 2627 1292 1269 
 (E)-2,6-dimethoxy-4-(prop-1-en-1-yl)phenol phenol#18 922 2663 2758 1690 1703 
 2-methoxy-1,4-benzenediol phenol#19 894 2903 2918 1327 1311 
Ketones 1-hydroxy-2-propanone ketone#1 822 1269 1266 729 694 
 2-cyclopenten-1-one ketone#2 887 1332 1335 809 802 
 2-methyl-2-cyclopenten-1-one ketone#3 853 1348 1353 892 896 
 3,4,4-trimethyl-2-Cyclopenten-1-one ketone#4 803 1494 1498 1039 1064 
 2-acetylfuran (1-(2-furanyl)-ethanone) ketone#5 858 1502 1502 897 914 
 1-(acetyloxy)-2-butanone ketone#6 842 1538 1536 963 969 
 3,5-dimethyl-2(5H)-furanone † ketone#7 736 1650 1640 1009 993 
 1,2-cyclopentanedione † ketone#8 820 1771 1742 917 942 
 2-hydroxy-3-methyl-2-cyclopenten-1-one  ketone#9 869 1823 1824 1059 1034 
 3-methyl-1,2-cyclopentanedione ketone#10 866 1831 1800 1059 1043 
 
acetovanillone 




ketone#12 861 2749 2735 1629 1592 
Aldehyde hydroxyacetaldehyde † aldehyde#1 766 1289 1293   
 nonanal aldehyde#2 846 1397 1397 1118 1112 
 furfural aldehyde#3 926 1459 1459 823 820 
 benzaldehyde aldehyde#4 861 1531 1531 950 975 
 5-methyl-2-furancarboxaldehyde aldehyde#5 901 1562 1562 974 969 
 2-hydroxy-benzaldehyde aldehyde#6 853 1684 1682 1059 1047 
 5-hydroxymethylfurfural aldehyde#7 866 2427 2452 1248 1230 




aldehyde#9 888 2865 2904 1695 1670 
 coniferyl aldehyde aldehyde#10 890 3122 3038 1759 1741 
Aromatics 1-methyl-4-propyl-benzene † aromatic#1 713 1291 1288 1022 1038 
        
 2-ethyl-1,4-dimethyl-benzene aromatic#2 834 1314 1321 1098 1060 
 indene aromatic#3 835 1488 1488 1048 1051 
 3-methyl-1H-indene † aromatic#4 784 1613 1597 1173 1155 
 naphthalene aromatic#5 929 1748 1748 1217 1179 
 1,6,7-trimethyl-naphthalene aromatic#6 885 2123 2182 1605 1571 
Acids acetic acid acid#1 883 1443 1443 693 662 
 n-hexadecanoic acid acid#2 895 2847 2871 1931 1953 
 octadecanoic acid acid#3 841 3102 3104 2159 2187 
 (Z,Z)-9,12-octadecadienoic acid  acid#4 823 3248 3215 2116 2113 
Furans 2-methyl-benzofuran furan#1 895 1595 1589 1127 1107 
 2,2'-methylenebis-furan furan#2 878 1625 1628 1098 1090 
 2-(2-furanylmethyl)-5-methyl-furan furan#3 854 1696 1693 1182 1184 
Alkanes tridecane alkane#1 847 1309 1300 1338 1300 
 α-guaiene alkane#2 855 1615 1611 1443 1436 
Esters benzoic acid, methyl ester ester#1 897 1625 1624 1080 1091 
 
4-hydroxy-3-methoxy-benzoic acid, methyl 
ester 
ester#2 902 2543 2567 1560 1527 
Ethers 3,4-dimethoxytoluene ether#1 906 1806 1806 1283 1230 
 4-ethyl-1,2-dimethoxy-benzene ether#2 806 1885 1875 1382 1320 
Alcohols 2-furanmethanol alcohol 828 1663 1663 818 845 
























Heterocycles pyridine heterocycle 912 1133 1156 745 753 
a The compounds were classified according to Nomenclature of Organic Chemistry published by 
International Union of Pure and Applied Chemistry (IUPAC) (Favre & Powell, 2013). † Tentative 
compound identification. 
b MS Quality factor indicates how similar the unknown compound spectrum is to the library of known 
spectra scaling from 0 to 1000. 
c calc. LRI-WAX means the calculated linear retention indices with WAX column obtained in this study. 
d ref. LRI-WAX means the reference linear retention indices with polar column obtained from open access 
databases, including NIST, Chemspider and Pubchem. 
e calc. LRI-HP5 means the calculated linear retention indices with HP-5MS column obtained in this study. 
f ref. LRI-HP5 means the reference linear retention indices with non-polar column obtained from open 
access databases, including NIST, Chemspider and Pubchem. 
4.3.2 Impact of smoke generation conditions on VOC profile  
To visualize the VOC differences between various generation conditions, PCA was 
carried out using the absolute peak area of the 284 VOCs that were significantly affected 
by temperature, air and nitrogen. The PCA revealed that PC-1, PC-2 and PC-3 explained 
35%, 24% and 15% of the variation, respectively. As shown in the PCA scores plot of 
PC-1 vs PC-2 (Figure 4.1-a), the clusters of temperature, air and nitrogen are quite 
distinctive, falling into different quadrants. PC-1 separates smoke generated in air at 380 
°C and 480 °C (left quadrants) from the smoke generated in air and nitrogen at 180 °C 
on the right. PC-2 explains the differences between smoke samples generated under air 
at 280 °C (top) and 480 °C (bottom). The effect of air and nitrogen was less pronounced 
on PC-1 and PC-2. PC-3 (Figure 4.1-c) separates the treatments collected under air 
(positively loaded on PC-3) from that under nitrogen (negatively loaded on PC-3). 
Though a small separation exists between the treatments collected at 180 °C under air 
and nitrogen, the separation is minor compared to the samples prepared at 280 °C, 380 
°C and 480 °C under air and nitrogen. It is postulated that at low temperature (180 °C) 
the wood powder underwent more of a drying process with a low level of hemicellulose 
thermal decomposition (Beaumont & Schwob, 1984; Yang et al., 2007). These plots 
illustrate that temperature exhibited a larger impact than either air or nitrogen on the 
VOCs composition of kānuka wood smoke as both PC-1 and PC-2 explained aspects of 
how temperature affected sample clustering. The plots also suggest a non-linear 
relationship between the VOC and generation temperature on PC-1 vs PC-2 where the 




maximum concentrations for most VOCs were at 380 °C (negatively loaded on PC-1). 
Considering the distribution of the smoke generation conditions on the PCA plots, the 
results demonstrate that VOC composition of wood smoke can be manipulated by 












Figure 4.1 PCA plots for the smoke composition as a function of generation 
temperature under air and nitrogen using 284 compounds. a: Scores plot 
of PC-1 and PC-2; b: Loadings plot of VOCs on PC-1 and PC-2; c: Scores 
plot of PC-1 and PC-3; d: Loadings plot of VOCs on PC-1 and PC-3. Results 
are shown for the four temperatures (180 °C, 280 °C, 380 °C and 480 °C) 
under air and N2 for the two SBSEs used for collection in each 
experiment.  Note: the compound numbers refer to those in Table 4.1. 
Selected representative compounds for comparison have been 
highlighted with bold labels: 2,6-dimethylphenol (phenol#3), creosol 
(phenol#4), 2-methoxy-4-propylphenol (phenol#8), furfural 
(aldehyde#3), 4-hydroxy-3,5-dimethoxybenzaldehyde (aldehyde#9) and 
2-furanmethanol (alcohol). 
  




The positioning of the VOCs on the PCA loading plots of for PC-1 vs PC-2 (Figure 4.1-
b) and PC-1 vs PC-3 (Figure 4.1-d) represents their contribution to the distribution of 
the smoke generation samples. The 62 identified VOCs are marked with dots, while the 
remaining unidentified compounds are marked with grey hollow dots. As shown in 
Figure 4.1-b, all nineteen phenolic compounds fell into the left quadrants on PC-1, 
indicating that smoke generation temperatures of 380 °C and 480 °C promote the 
formation of these phenols. This observation was supported by Murwanashyaka et al. 
(2001) who found that the highest level of phenols was obtained around 350 °C . Phenols 
are likely to be generated from depolymerisation of lignin, which requires higher 
temperatures to be decomposed compared with cellulose and hemicellulose. 
In contrast to phenols, all aldehydes except 5-hydroxymethylfurfural (aldehyde#7; HMF) 
and 4-hydroxy-3,5-dimethoxy-benzaldehyde (aldehyde#9) were situated in the right 
quadrants, associated with lower smoke generation temperatures and strongly associated 
with PC1. This result is not unexpected as many of the aldehydes, such as furfural 
(aldehyde#3) and 5-methyl-2-furancarboxaldehyde (aldehyde#5), are derived from the 
thermal decomposition of hemicellulose, which has the lowest thermal stability among 
the three main components of wood biomass (Yang et al., 2007). In contrast, HMF 
originates from hexose sugars rather than pentose, i.e. glucose from cellulose 
decomposition (Hosoya, Kawamoto, & Saka, 2007b), which occurs at higher 
temperature. 
Unlike phenols and aldehydes that showed a clear trend with different smoke generation 
conditions, the ketones were distributed on the PCA loadings plot in a compound specific 
manner. For instance, smoke generation at 280 °C yielded the highest level of 2-
acetylfuran (1-(2-furanyl)-ethanone; ketone #5), which was derived from cellulose 
(Simoneit et al., 1999). In contrast, 480 °C generated the highest levels of acetovanillone 
(1-(4-hydroxy-3-methoxyphenyl)-ethanone) (ketone #11) and 1-(4-hydroxy-3-
methoxyphenyl)-butan-1-one (ketone#12), which are guaiacyl derivatives originating 
from lignin (Duan et al., 2018; Liang & Wan, 2017).  
Figure 4.1-d suggests all three furans (2-methyl-benzofuran (furan#1), 2,2'-
methylenebisfuran (furan#2), 2-(2-furanylmethyl)-5-methyl-furan (furan#3)) were 
generated at higher concentrations under nitrogen when the temperature was ≥ 280 °C 




(negative loading on PC-3).  In contrast, the formation of some phenols, for example 
creosol (phenol#4) and 2-methoxy-4-propylphenol (phenol#8), appears to be higher in 
the presence of oxygen (positive loading on PC-3), which is in agreement with published 
literature (Maga, 1987). A group of VOCs including three identified compounds: 2-
methyl-2-cyclopenten-1-one (ketone#3), 2-ethyl-1,4-dimethyl-benzene (alkane#3) and 
indene (alkane#4), that mainly originate from hemicellulose (Lv & Wu, 2012; Stefanidis 
et al., 2014), were clustered together at the negative end of PC-3, indicating the formation 
of those compounds was higher in the absence of oxygen. Also, in this region were a 
number of additional VOC that were tentatively identified, for example, 1-methyl-4-
propyl-benzene (alkane#1), 3-methyl-1H-indene (alkane#5) and hydroxyacetaldehyde 
(aldehyde#1). Another compound, tentatively identified as 3,5-dimethyl-2(5H)-furanone 
(ketone#7), was positively associated with PC-3. A similar compound (2,2-dimethyl-
3(2H)-furanone) has been previously detected from the pyrolysis of cellulose (Zhao et 
al., 2017). Ketonic groups in furanones are generated via breakdown of β-1,4-glycosidic 
bonds and dehydration reactions of hydroxyl groups during which the hydrogen from the 
hydroxyl groups of glycosides is lost along with the hydrogen bonded to the adjacent 
carbon and form H2O in the presence of oxygen (S. Wang et al., 2015), and thus oxygen 
promotes their formation.  




4.3.3 Effects of temperature, air and nitrogen on selected compounds  
Since the wood powder amount, smoke sampling conditions and VOC analysis method 
were constant, the change in peak response of VOCs will reflect their relative 
concentration in the smoke gas phase. To compare the formation of thermal 
decomposition products of kānuka wood under different conditions, six typical 
compounds were selected: 2,6-dimethylphenol, creosol, furfural, 2-methoxy-4-
propylphenol, 2-furanmethanol and syringaldehyde (4-hydroxy-3,5-
dimethoxybenzaldehyde) from different chemical classes. These six compounds behaved 
differently under various treatment conditions and have been previously identified as 
odour-active compounds (Cadwallader, 2007; Pino, 2014). Figure 4.2 shows their 
relative peak responses as a function of bed temperature, air and nitrogen. Peak response 
is normalized against that obtained for each compound at 380°C in an air atmosphere. 
Phenols are mainly from the thermal decomposition of lignin that decomposes over a 
wide temperature range (Yang et al., 2007). This is supported by Figure 4.2-a, as the 
peak response of 2,6-dimethylphenol (phenol#3) increased when temperature was 
increased from 180 °C to 480 °C, regardless of air or nitrogen. In contrast, the methoxy-
containing phenols, such as creosol (2-methoxy-4-methylphenol; phenol#4) (Figure 4.2-
b) and 2-methoxy-4-propylphenol (phenol#8) (Figure 4.2-d) demonstrated a convex 
parabola in the peak response with a maximum peak response at 380 °C under air. This 
observation agreed with Mu and co-workers (2013), who stated that the formation of 
non-methoxy phenols was increased as temperature was increased, whereas the methoxy-
containing phenols decreased at temperatures greater than 500 °C (Lou, Wu, Lv, et al., 
2010).  
The detected level of furfural (aldehyde #3) decreased as the bed temperature was 
increased under both air and nitrogen atmospheres (Figure 4.2-c). This can be partially 
explained by the relatively low temperature at which the dehydration of xylose derived 
from hemicellulose occurs, leading to the formation of furfural (Zhou et al., 2017). An 
alternative hypothesis is that this phenomenon of decreasing peak response with 
increasing temperatures is related to the dynamic gas phase sampling system and the 
balance between compound generation over time and extraction equilibrium on the SBSE 
stir bar.    





Figure 4.2 Comparison of representative compounds under different smoke 
generation conditions. The y-axis corresponds to the peak response, 
normalized against that of the corresponding peak in smoke generated at 
380 °C under air. 2,6-dimethylphenol (phenol#3), creosol (phenol#4), 2-
methoxy-4-propylphenol (phenol#8), furfural (aldehyde#3), 
syringaldehyde (aldehyde#9) and 2-furanmethanol (alcohol). Compound 
numbers refer to those in Table 4.1. Error bars denote the standard error 
calculated depending on two replicates. 




In this study, 2-furanmethanol (labelled as “alcohol” in PCA plots) exhibited a maximum 
peak response at 280 °C under nitrogen, followed by a steady decline, as the temperature 
was increased (Figure 4.2-e). Similar behaviour has been reported in the literature 
(Branca, Giudicianni, & Di Blasi, 2003), although the different optimum temperature 
previously observed (376 °C) was most likely due to the different feedstock and/or 
reactor type. Under air, the peak response at 280 °C and 380 °C was much lower than for 
nitrogen, indicating that 2-furanmethanol may be oxidized into other components in the 
presence of oxygen. 
Different trends were obtained for syringaldehyde (aldehyde#9), which is derived from 
thermal decomposition of lignin (Figure 4.2-f). This compound was virtually undetected 
at 180 °C under nitrogen. At this temperature the highest peak area was detected under 
air. The peak response then gradually increased with increasing bed temperature in the 
presence of nitrogen, but no significant change in peak response was observed in the 
presence of air.  The nitrogen result is supported by published research in which the 
maximum formation was found at 400 °C during the pyrolysis of bamboo lignin under 
nitrogen (Lou, Wu, & Lv, 2010). In contrast, it has been found that low levels of oxygen 
favours the formation of syringaldehyde (Kim et al., 2014). This also reflects that the 
formation and decomposition pathways and kinetics can be very different under different 
atmospheres, relating to the amount of oxygen.  
As can be seen in Figure 4.2-b, -d and -f, the overall yields were higher under air than 
that under nitrogen for creosol, 2-methoxy-4-propylphenol and syringaldehyde, all of 
which have a methoxy group. It has been reported that the presence of oxygen in the 
atmosphere influenced the products by oxygen-enriching the components and oxidizing 








The GC-MS analysis of kānuka wood smoke showed that the formation of more than 
ninety percent of detected VOCs were significantly influenced by smoke generation 
temperature, whether the generation was conducted with air or nitrogen.  As a major 
thermal decomposition product of lignin, phenolic compounds dominated the identified 
components, followed by ketones and aldehydes. The results showed that formation of 
the types of VOC class depended on whether the VOC originated from hemicellulose, 
cellulose or lignin decomposition. This research will ultimately allow a greater 
understanding of smoke chemistry of kānuka wood smoke. However, the odour activity 
of VOCs in kānuka wood smoke and the impact on the sensory properties of smoke 
should also be evaluated. The mechanisms of kānuka wood thermal decomposition under 
various conditions also require further investigation. These research objectives will be 
addressed in Chapter 5, where the odour activities of VOCs in kānuka wood smoke will 
be investigated using GC-Olfactometry, and in Chapter 6 by understanding how smoke 
generation conditions influence selected odorants using response surface models. 
 




Characterisation of odour-active compounds in kānuka wood 
smoke using GC-MS/O 
 
  




As a traditional processing method for flavouring and preserving food products (such as 
meat and fish), smoking has been used either domestically or industrially for a long 
period. The smoking process deposits chemical components onto the surface of food 
products, which then penetrate into the matrix by mass transport to endow the desired 
flavour profile and extend their shelf life. Due to modern processing techniques, such as 
cold chain transportation, the preservation effect of smoked foods is currently less 
important, but the distinctive sensory advantages provided remain a key characteristic of 
smoked foods (Cardinal et al., 2004). Under limited oxygen conditions, smoke comes 
from the thermal decomposition of lignocellulosic biomass, typically woods such as 
beech and oak in Europe and hickory in the USA (Simon et al., 2005). From a 
compositional standpoint, smoke is an aerosol comprised of air, water vapour, permanent 
gas, volatile organic compounds (VOCs) and solid particles (Hampikyan & Colak, 2010; 
Šimko, 2005). 
Among the VOCs produced, an important fraction is the odour active compounds that 
play an important role in determining the flavour of smoked food products. Instrumental 
tools, such as gas chromatography in tandem with various detectors, are powerful 
techniques to identify and quantify volatile compounds in wood smoke and smoked food 
products (Pino, 2014; Yu & Sun, 2005; Yu et al., 2008). However, from a perspective of 
food flavour, these methods cannot determine if a volatile is odour-active and thus 
contributes to the sensory profile. It has been claimed that a dual approach involving 
parallel sensory and instrumental analysis of the same analyte was preferable in 
determining what compounds contribute to the sensory effects (Kostyra & Baryłko-
Pikielna, 2006). Moreover, it should be noted that the importance of some of the volatiles, 
especially those abundant ones, might be overstated when only relying on the 
instrumental analysis because not all volatiles in food matrices contribute to the perceived 
aroma attributes (Högnadóttir & Rouseff, 2003).  
The combination of gas chromatography-mass spectrometry and olfactometry, namely 
GC-O, provides an effective solution to obtain the chemical and odour profile 
simultaneously. Based on the analysis purpose and principle, GC-O can be categorised 
into three main methods: detection frequency, dilution to threshold and direct intensity 
(Delahunty et al., 2006). In the current study, GC-O was conducted by combining the 
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measurement of detection frequency and direct intensity, as has been reported in many 
studies (Bueno et al., 2011; Culleré et al., 2013; Culleré et al., 2010). These two methods 
have been reported to provide good power in terms of repeatability and discrimination, 
respectively (Van Ruth, 2004). 
As a local wood species, kānuka is found throughout New Zealand from coastal to 
subalpine regions and, concurrently, kānuka wood smoke is widely and frequently 
employed to process food (eggs, salmons, whiskey, bacon, etc.) in the local food industry. 
However, to our best knowledge, there is no published data on what odour-active 
compounds exist in kānuka wood smoke in the current literature or industry. 
The main aim of the current study was to identify the important aroma compounds that 
are present in kānuka smoke by GC-MS/O, and evaluate which odour-active compounds 
vary with smoke generation conditions. 
5.2 Materials and Methods 
5.2.1 Materials  
Liquid chromatography grade of dichloromethane and methanol were purchased from 
Merck (Germany);  kānuka wood, supplied by JB & HA Brosnahan Ltd (Ohope, New 
Zealand), was ground by a Stanmore Tabletop Hammer Mill (Glen Creston, London, 
UK), of which the characterisation was described elsewhere (Chapter 3). 
5.2.2 Smoke generation and collection  
Smoke generation was achieved using 1 g of untreated kānuka wood powder for each 
cycle, as described previously (Chapter 4). Briefly, the smoke was generated in a 
laboratory-scale smoke generator under controlled parameters (temperature, atmosphere 
and sweep gas flow rate) and the VOCs in smoke was captured by inline SBSE stir bars 
for 20 minutes (Twister®; 10 mm; 0.5 mm film thickness; Gerstel, Germany). The SBSE 
stir bars were rinsed with deionized water and dried with lint-free tissue prior to further 
treatment. Aiming to cover broad enough experimental ranges to avoid omission of 
potential odour-active compounds, the smoke for this study was generated under four 
conditions: 275 °C under air/nitrogen (50/50, v/v) (S1), 350 °C under air/nitrogen (50/50, 
v/v) (S2), 350 °C under nitrogen (S3) and 500 °C under air/nitrogen (50/50, v/v) (S4). 
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5.2.3 Twister back extraction  
To obtain a liquid extract that could be evaluated by six panellists and with replicates, 
volatiles adsorbed on the SBSE stir bars were solvent extracted. This was achieved using 
a solvent back extraction protocol in micro-inserts using 300 µL of 
dichloromethane/methanol 9-1 assisted by sonication for 15 min according to (Horák, 
Čulík, Jurková, Čejka, & Kellner, 2008; Horák, Kellner, Čulík, Jurková, & Čejka, 2007) 
with certain modifications. For uniformity, the extracts were combined and aliquots were 
then transferred to sealed vials and stored at 2-8°C prior to further analysis. To ensure 
the consistency of sample throughout all GC-O sessions that covered a two-week span, 
the vials were discarded after every six injections carried out over two consecutive days.  
5.2.4 Parameters for GC-MS and GC-O 
The analysis of smoke extracts was performed using an Agilent 7890B GC system 
(Agilent Technologies, Beijing, China) with a polar SolGel-WAXTM column (length 30 
m, i.d. 0.25 mm, film thickness 0.25 μm; Trajan Scientific, Australia) using hydrogen as 
the carrier gas under constant flow (1.6 mL/min) with an average velocity as 33.8 
cm/second. To achieve simultaneous detection with dual detectors, the flow emerged 
from the GC column was evenly split between a mass spectrometry detector (5977A 
MSD, Agilent Technologies, USA) and olfactory detection port (ODP 3, Gerstel, 
Germany) using an Agilent 3-way splitter with makeup gas (part number G3183-60501) 
under constant pressure (7.3 psi). The MSD was operated in scan mode (30 to 300 amu) 
with normal scanning and 4 minutes of solvent delay. The temperature of quadrupole and 
source set at 150 °C and 230 °C respectively. Equipped with humidified air flow, the 
transfer line and sniffing port of ODP were heated to 240 °C and 200 °C respectively. 
The GC oven temperature was programmed as follows: increased from 50 °C to 150 °C 
at 20 °C/min, then from150 to 210 °C at 5 °C/min, then to 240 °C at 20 °C/min with 5 
min hold. The inlet temperature was set as 240 °C and the injection volume for each 
sample was 2 µL under splitless injection mode for 2 min.  
The sniffing was performed by a trained panel composed of six panellists. Each panellist 
performed four sniffs for each of the smoke sample extract collected under four 
conditions, resulting in ninety-six sniffs in total. The sniffing time per sample was 23.5 
minutes, and each panellist sniffed two different samples per day with a 30 minute break 
between samples to avoid fatigue. Whenever the panellists detected an aroma, the 
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olfactometry button was pressed to trigger the audio recording to obtain a verbal 
description of perceived odour. The panellists were also asked to grade odour intensity at 
the same time with an 8-point scale (0 = not detected, 0.5 = very low, 1 = low, 1.5 = low-
medium, 2 = medium, 2.5 = medium strong, 3 = strong, 4 = very strong).  
The collected signal of odorant intensity and detection frequency was integrated and 
transformed to modified detection frequency (MF (%)), for which the calculation formula 
was proposed by Dravnieks (1985) as follows: 
 (%) =  (%) × 
 (%)                                                                                 Equation 5.1 
where F (%) is the detection frequency of an odorant expressed as a percentage of the 
total number of sniffs (24 in this study) and I (%) is the average intensity expressed as a 
percentage of the maximum intensity (4 in this study). 
Panellists evaluated samples blind and the sample presentation order were randomized 
using a Latin square (Table 5.1), by which the panellists were able to sniff all four 
samples once in every two consecutive days, aiming to diminish the variation derived 
from memory. 
Table 5.1 Sample sequence of GC-MS/O study. 
         Panellists          
Day 
1 2 3 4 5 6 
1 
S1 S4 S3 S2 S1 S4 
S3 S2 S1 S4 S3 S2 
2 
S2 S1 S4 S3 S2 S1 
S4 S3 S2 S1 S4 S3 
3 
S3 S2 S1 S4 S3 S2 
S1 S4 S3 S2 S1 S4 
4 
S4 S3 S2 S1 S4 S3 
S2 S1 S4 S3 S2 S1 
5 
S4 S3 S2 S1 S4 S3 
S2 S1 S4 S3 S2 S1 
6 
S1 S4 S3 S2 S1 S4 
S3 S2 S1 S4 S3 S2 
7 
S2 S1 S4 S3 S2 S1 
S4 S3 S2 S1 S4 S3 
8 
S3 S2 S1 S4 S3 S2 
S1 S4 S3 S2 S1 S4 
Note: S1 extracts of smoke sample generated at 275 °C under 50% air in nitrogen (v/v); 
     S2 extracts of smoke sample generated at 350 °C under 50% air in nitrogen (v/v); 
     S3 extracts of smoke sample generated at 350 °C under nitrogen; 
     S4 extracts of smoke sample generated at 500 °C under 50% air in nitrogen (v/v). 
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5.2.5 Data analysis 
Peak identification was achieved by comparison of mass spectra to the National Institute 
of Standards and Technology (NIST 2014) database and then supported by linear 
retention indices (LRI), which were calculated according to the LRI regression of normal 
alkanes (C7-C30, 1 mg/mL in hexane, Supelco, USA). Calculated LRI (Calc. LRI) were 
compared with the reference linear retention indices (Ref. LRI) obtained from open 
access online databases (Bianchi et al., 2007). Due to the complex nature of wood smoke, 
the total ion chromatograms (TICs) collected with Masshunter® (version B.07.02, 
Agilent Technologies, USA) underwent deconvolution with the software package, 
PARADISe (version 3.1, University of Copenhagen, Denmark) (Bro, Andersson, & 
Kiers, 1999; Johnsen et al., 2017). Chi-square tests (χ2) were carried out on MF (%) 
values using Minitab (version 18). 
5.3 Results and discussion 
5.3.1 Chemical and odour profiles of kānuka smoke extracts 
The four smoke generation conditions were selected (275 °C, 350 °C and 500 °C under 
50% air in N2, and 350 °C under N2) in order to generate the greatest range of VOCs and 
thus avoid omission of potential odour-active compounds. These conditions were 
selected based upon preliminary chemical analysis (Chapter 3; Chapter 4) and pilot GC-
O evaluation. Temperature and atmosphere are reported to have the greatest effect on the 
composition and concentration of generated VOCs from wood thermal decomposition 
(Demirbaş, 2004). Previous research suggested that the VOC profile of kānuka smoke 
varied significantly within 180 °C - 480 °C, where the maximum concentrations of most 
VOCs occurred at about 380 °C. The kānuka smoke generated under air and N2 showed 
qualitatively similar VOC profiles, though VOC aboundance does not necessarily 
correspond to odour activity and thus both atmosphere conditions were included in this 
study (Chapter 4). Figure 5.1 and Figure 5.2 show the chemical and odour profiles of 
kānuka smoke extracts generated under different conditions. As shown in Figure 5.1, 
most of the compounds were eluted in the first half the chromatograms. In general, 350 
°C under 50% air in nitrogen or nitrogen only in this study produced higher levels of 
VOCs (S2 and S3), though at a higher temperature (500 °C) a higher total number of 
VOCs were generated (S4), particularly for compounds eluting in the second half of the 
chromatogram after 15 minutes. Although fewer compounds were observed in the smoke 
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extract collected at 275 °C, S1 largely had the peaks present that were most abundant in 
S2 and S3. Similarly, as shown in Figure 5.2 that was constructed with MF (%) values, 
more odour regions existed before retention time 14 min. It was interesting to note that 
the odour profile of the four kānuka smoke extracts showed high levels of similarity from 
a qualitative perspective with most of the odour-active compounds detected in all four 
smoke samples. This was in accordance with the observation that the chromatograms 
were similar, especially those of S2 and S3 that showed very similar chemical profiles 
(Figure 5.1). 
 
Figure 5.1 Overlaid representative TICs of various kānuka smoke prepared at 275 °C 
under 50% air in nitrogen (S1), 350 °C under 50% air in nitrogen (S2), 350 
°C under nitrogen (S3) and 500 °C under 50% air in nitrogen (S4). 




Figure 5.2 Overlaid GC-O signals of various kānuka smoke prepared at 275 °C under 
50% air in nitrogen (S1), 350 °C under 50% air in nitrogen (S2), 350 °C 
under nitrogen (S3) and 500 °C under 50% air in nitrogen (S4). 
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5.3.2 Overview of odour-active compounds 
To eliminate potential noise, odour-active regions were considered for further data 
processing only if they were perceived more than once within the four replicates 
conducted by each panellist. In addition, odour-active regions with a detection frequency 
less than 50% (12 out of 24) in any of the smoke extracts were eliminated, resulting in 
56 odour-active regions detected in the smoke extracts (S1), 59 in S2 and S3, and 62 in 
S4 (Table 5.2). Forty-two odour-active compounds were tentatively identified according 
to their mass spectra and LRI. Phenolic compounds dominated the identified odour-
active compounds with 18, followed by 8 ketones, which was in agreement with previous 
results (Chapter 4) from a chemical-composition point of view. These results were also 
supported by literature findings that phenolic compounds make the main contribution to 
wood smoke aroma (Taylor & Linforth, 2010). Compounds could not be positively 
identified for twenty odour-active regions by GC-MS, which was probably due to their 
low concentration in the smoke extracts or relatively high detection limit by the mass 
spectrometer. Twenty-six odour-active compounds were found with average MF (%) 
values of more than 50% across all four samples, forming the general odour profile of 
kānuka smoke extracts (Taylor & Linforth, 2010). Of these compounds, five odour-active 
compounds showed average MF (%) values above 70%: vanillin (76%), guaiacol (74%), 
creosol (72%) and 4,4a,5,6,7,8-hexahydro-1-methoxy-2(3H)-naphthalenone (72%).  
In view of the odour descriptors that were provided by the panel, twenty-five “terms” in 
total were used, among which the most frequent ones were “floral”, “spicy” and 
“woody”. Interestingly, the panel gave no “smoky” note for these “smoke” samples, 
indicating that the typical smoky odour is derived from the combined perception of the 
mixture of individual “non-smoky” odours. The similarity of terms used is not surprising, 
as different odour-active compounds might give very similar odour perceptions. For 
instance, several phenolic compounds gave the same odour “floral, spicy” descriptors, 
including 2-methoxy-4-propylphenol, eugenol, (Z)-2-methoxy-4-(1-propenyl)phenol, 
3,5-dimethoxy-4-hydroxytoluene, 2,6-dimethoxy-4-(2-propenyl)phenol and (E)-2,6-
dimethoxy-4-(prop-1-en-1-yl)phenol. 
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Table 5.2 Odour-active compounds in kānuka smoke generated under various conditions.  
chemical class a Identity Descriptors b Mass quality c RI-calculated d RI-literature e 
MF (%) 
S1 S2 S3 S4 average (SD) 
phenols 2-methoxy-phenol  leathery, greenery, bacon, floral 933 1838 1814 80 77 81 56 74(12) 
 2,6-dimethyl-phenol  antiseptic, sulfury, chemical, leathery 838 1882 1889 29 48 41 66 46(15) 
 creosol vanilla, caramel 965 1930 1915 71 73 79 63 72(7) 
 2,3,5-trimethyl-1,4-benzenediol  caramel 830 1940   35 32 40 53 40(9) 
 4-ethyl-2-methoxy-phenol  caramel, floral, spicy 927 2001 1984 75 65 66 66 68(5) 
 2,5-dimethyl-phenol  antiseptic, chemical, spicy, stinky 850 2042 2066 41 60 60 70 58(12) 
 3-methyl-phenol  leathery, antiseptic, woody 835 2052 2059 52 48 48 62 53(6) 
 2-methoxy-4-propyl-phenol  floral, spicy 913 2076 2083 67 72 70 64 68(4) 
 eugenol f spicy, floral 917 2130 2117 53 51 54 48 51(3) 
 2,3-dimethyl-phenol  leathery, antiseptic, woody 806 2135 2120 42 54 67 70 58(13) 
 2-methoxy-4-vinyl-phenol spicy, floral, woody 903 2157 2146 73 69 66 64 68(4) 
 2,3,5-trimethyl-phenol  greenery, floral, bacon 658 2183 2211 29 53 44 59 46(13) 
 (Z)-2-methoxy-4-(1-propenyl)-phenol  floral, spicy 930 2215 2226 48 50 47 47 48(1) 
 2,6-dimethoxy-phenol  greenery, floral, woody, leathery 938 2222 2258 68 70 53 62 63(7) 
 3,5-dimethoxy-4-hydroxytoluene spicy, floral 858 2305 2332 57 65 64 69 64(5) 
 2-allyl-4-methylphenol chemical, antiseptic 881 2457  2515 0 0 0 61 15(31) 
 2,6-dimethoxy-4-(2-propenyl)-phenol  floral, spicy 904 2489 2563 35 48 38 53 43(9) 
 (E)-2,6-dimethoxy-4-(prop-1-en-1-yl)phenol spicy, floral 904 2572 2758 53 38 42 38 43(7) 
ketones 1-(acetyloxy)-2-butanone  burnt, sulfury, floral 690 1528 1554 50 52 60 51 53(5) 
 3-methyl-2(5H)-furanone  floral, metallic, woody 660 1717 1700 42 53 73 68 59(14) 
 2-hydroxy-2-cyclopenten-1-one  floral, woody, leathery 742 1749 1758 27 63 65 29 46(21) 
 3-methyl-1,2-cyclopentanedione  woody, caramel, herby 904 1808 1781 53 63 56 61 58(5) 
 4,4a,5,6,7,8-hexahydro-1-methoxy-2(3H)-naphthalenone floral, greenery, caramel 772 1917   70 74 73 70 72(2) 
 levoglucosenone woody 830 1962   39 39 56 61 49(11) 
 3',5'-dimethoxyacetophenone floral, caramel, fruity, vanilla 778 2523   53 46 58 53 52(5) 
 apocynin greenery, floral, spicy, sulfury 793 2581 2623 20 31 40 53 36(14) 
ethers 3,4-dimethoxytoluene floral, fruity, spicy, woody 868 1788 1798 29 49 55 51 46(12) 
 3,5-dimethoxytoluene caramel 845 1834 1838 35 48 58 58 50(11) 
 1-ethoxy-3-methyl-benzene  antiseptic, woody, floral 780 1968   44 54 45 60 51(8) 
 1,2,3-trimethoxy-5-methyl-benzene  spicy, herby, caramel, floral 739 2018 2041 63 51 63 47 56(8) 
aldehydes 5-methyl-2-furancarboxaldehyde  sulfury, burnt, floral 893 1576 1600 26 48 45 44 41(10) 
 vanillin f vanilla, caramel 909 2504 2518 73 77 74 78 76(2) 
 4-hydroxy-3,5-dimethoxy-benzaldehyde  spicy, bacon, woody 847 2879 2904 20 24 29 47 30(12) 
alcohols 2-isopropyl-5-methyl-1-heptanol greenery, meaty, sulfury 811 1357   57 57 55 23 48(17) 
 2-furanmethanol floral 869 1640 1658 40 38 31 31 35(5) 
aromatics 1-(2-butenyl)-2,3-dimethyl-benzene  caramel 747 1779   31 51 61 50 48(12) 
 1,4-dihydro-2,5,8-trimethyl-naphthalene  woody, sulfury, rubbery 709 2062   61 73 68 73 69(5) 
ester butyrolactone sulfury, burnt, medicinal 748 1636 1637 0 54 57 55 42(28) 
 methyl octadecanoate floral, greenery, woody 711 2402 2429 53 57 62 56 57(4) 
acids acetic acid burnt, acrid 895 1448 1473 55 47 63 27 48(15) 
 n-hexadecanoic acid  antiseptic, medicinal, spicy, leathery 778 2856   0 0 0 46 12(23) 
alkane 2,6,10-trimethyl-tetradecane  floral, woody, aromatic 725 1682   46 35 40 48 42(6) 
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chemical class a Identity Descriptors b Mass quality c RI-calculated d RI-literature e 
MF (%) 
S1 S2 S3 S4 average (SD) 
others n.i.-1g leathery, plastic, solvent   1668   36 38 52 25 38(11) 
 n.i.-2 caramel, greenery, spicy, leathery   1817   50 44 43 33 42(7) 
 n.i.-3 herby, greenery, floral   1822   55 59 51 52 54(4) 
 n.i.-4 leathery, floral, herby, woody   1876   55 44 43 45 47(6) 
 n.i.-5 metallic, spicy, floral   1903   16 20 32 57 31(18) 
 n.i.-6 sweaty   2006   43 37 59 55 48(10) 
 n.i.-7 metallic, spicy, sulfury   2069   0 18 40 62 30(27) 
 n.i.-8 leathery, spicy, antiseptic   2111   40 47 43 67 49(12) 
 n.i.-9 floral, spicy, metallic, woody   2170   25 20 42 55 36(16) 
 n.i.-10 metallic   2230   62 32 66 71 58(17) 
 n.i.-11 chemical   2234   64 45 49 68 57(11) 
 n.i.-12 floral   2261   0 20 22 51 23(21) 
 n.i.-13 spicy, metallic, floral   2290   59 63 60 60 60(2) 
 n.i.-14 spicy, floral   2331   0 0 0 43 11(21) 
 n.i.-15 spicy, woody, medicinal   2344   14 29 34 48 31(14) 
 n.i.-16 mushroom, spicy, floral   2361   35 35 39 69 45(16) 
 n.i.-17 woody, rubbery, plastic   2417   43 48 40 49 45(4) 
 n.i.-18 floral, greenery, bacon   2469   14 20 16 63 29(23) 
 n.i.-19 greenery, floral   2597   19 43 53 67 45(20) 
 n.i.-20 chemical   2627   19 20 25 62 32(20) 
a The compounds were classified according to Nomenclature of Organic Chemistry published by International Union of Pure and Applied Chemistry (IUPAC) (Favre & Powell, 2013), and were 
sorted by the chemical classes in numbers from high to low and the RI values from low to high within the chemical class. 
b Descriptors for each odorant were sorted by use frequency from high to low. 
c MS Quality factor indicates how similar the unknown compound spectrum is to the library of known spectra scaling from 0 to 1000. 
d calc. LRI-WAX means the calculated linear retention indices with WAX column obtained in this study. 
e ref. LRI-WAX means the reference linear retention indices with polar column obtained from open access databases, including NIST, Chemspider and Pubchem. 
f identification confirmed with reference standard. 
g not identified 
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It was noteworthy that furfural, which is a common odour-active compound (Toontom, 
Posri, Lertsiri, & Meenune, 2016), was not perceived by the panel during GC-O/MS 
analysis, even though it was present at a considerable level in kānuka smoke extract S1 
(Figure 5.1). This might be due to the high odour threshold of furfural (0.002 - 0.713 
ppm) (Murnane et al., 2013). Another scenario was that, under the current 
chromatographic conditions, the furfural odour was masked by co-elution with acetic 
acid (odour threshold 0.0004 - 204 ppm) (Murnane et al., 2013) that was eluted 
immediately prior to the furfural peak (Figure 5.1). 
As shown in Figure 5.3, the average MF (%) value of all detected odour-active 
compounds increased as the smoke generation temperature was increased from 275 °C 
to 500 °C, indicating higher temperature produced more odour-active compounds. In 
addition, by comparing S2 and S3 that were collected under the same temperature but 
different atmospheres, inert atmosphere (under nitrogen) tended to promote the formation 
of odour-active compounds compared to air.  
 
Figure 5.3 Comparison of average MF (%) of all odour-active compounds in four 
kānuka smoke extracts. Error bars denoted the standard error calculated 



























5.4 Aroma comparison of different smoke samples 
5.4.1.1 Dominant odour-active compounds 
Table 5.3 summarizes the top 10 odour-active compounds with the highest MF (%) 
values for each kānuka smoke extracts prepared under four selected conditions, resulting 
in 17 odour-active compounds that were observed in all treatments. Phenolic compounds 
formed the major chemical class with 7 phenols observed in the top 10, of which 5 were 
guaiacyl derivatives and 2 were syringyl derivatives. This observation could be explained 
by the fact that lignin in hardwood, kānuka in this case, produces a mixture of guaiacols 
and syringols (Saiz-Jimenez & De Leeuw, 1986). In general, higher MF (%) values for 
more of the odour-active compounds (7 out of 17) were observed in S4 compared to 
others. Given the results that the higher peak response was observed in S2 and S3 (Figure 
5.1), 350 °C could be used as the smoke generation temperature to produce higher level 
of these odour-active compounds.  
Odour-active compounds with high MF (%) values dominated the odour character of 
kānuka smoke extracts and were either present in the smoke extract at relatively low 
abundance but with a low threshold and/or present at relatively high levels in the smoke 
extract. For instance, even though a relatively low peak response was observed for 
vanillin (Figure 5.1) that gave “vanilla, caramel” odour, it showed the highest average 
MF (%) value (76%) with a frequency of detection 22 (out of 24) and average intensity 
2.5 (out of 4). This was understandable, as vanillin is reported to have a very low odour 
threshold value (0.00016 - 92.9 ppb) (Murnane et al., 2013). Creosol, which showed a 
similar odour character to vanillin, was responsible for the odour-region that presented 
the highest deconvoluted peak abundance in S2 and S3, the second highest in S1 and the 
third highest in S4. Creosol had an overall MF (%) of 72% with a frequency of detection 
20 (out of 24) and average intensity 2.5 (out of 4). Guaiacol, perceived by the panel as 
“leathery, greenery, bacon, floral”, was found to be the most intense odorant in S1 and 
S3 with MF (%) of 80% and 81% respectively, while guaiacol and vanillin both showed 




the same MF (%) value (77%) in S2. However, the MF (%) value was only 56% in S4, 
indicating that at 500 °C generation of guaiacol was not favoured. These results were 
consistent with the observed TIC peak responses (Figure 5.1) where guaiacol was the 
one of the most abundant peaks and is supported by literature that guaiacol and its 
derivatives are major contributors to wood smoke aroma (Jarunrattanasri, Theerakulkait, 
& Cadwallader, 2007). In contrast to those three smoke extracts (S1, S2 and S3) that 
showed similar chemical profiles (Figure 5.1), the most intense odorant in S4 was 
vanillin with an MF (%) of 78%. This could be explained by the relatively low level of 
guaiacol and high level of vanillin in S4, for which the ratios of deconvoluted peak 
response in S1 and S4 were 1: 3 and 1: 0.5, respectively. Also noteworthy was the 
presence of 4,4a,5,6,7,8-hexahydro-1-methoxy-2(3H)-naphthalenone, which was 
presented at very low deconvoluted peak abundance, but that exhibited the same average 
MF (%) (72%) as creosol. The peak response ratios of creosol and this ketone in four 
smoke extracts were 32, 12, 6 and 6, respectively. This compound gave “floral, greenery, 
caramel” odour notes. This illustrates that a high peak response from the chemical 
detector for a compound does not necessarily correspond to an intense odour perception, 
and vice versa (d'Acampora Zellner et al., 2008; Delahunty et al., 2006). 
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Table 5.3 Top 10 odour-active compounds with the highest average MF (%) in each kānuka smoke extract. 
chemical class Identity 
Mass 
quality 
calc. LRI ref. LRI 
MF (%) 
S1 S2 S3 S4 average (SD) 
phenols 2-methoxy-phenol 933 1838 1814 80 a 77 81 b 56 74(12) 
 creosol 965 1930 1915 71 73 79 63 72(7) 
 4-ethyl-2-methoxy-phenol 927 2001 1984 75 65 66 66 68(5) 
 2,5-dimethyl-phenol 850 2042 2066 41 60 60 70 58(12) 
 2-methoxy-4-propyl-phenol 913 2076 2083 67 72 70 64 68(4) 
 2,3-dimethyl-phenol 806 2135 2120 42 54 67 70 58(13) 
 2-Methoxy-4-vinyl-phenol 903 2157 2146 73 69 66 64 68(4) 
 2,6-dimethoxy-phenol 938 2222 2258 68 70 53 62 63(7) 
 3,5-dimethoxy-4-hydroxytoluene 858 2305 2332 57 65 64 69 64(5) 
ketones 3-methyl-2(5H)-furanone 660 1717 1700 42 53 73 68 59(14) 
 4,4a,5,6,7,8-hexahydro-1-methoxy-2(3H)-naphthalenone  772 1917  70 74 73 70 72(2) 
aldehyde vanillin 909 2504 2518 73 77 74 78 76(2) 
aromatic 1,4-dihydro-2,5,8-trimethyl-naphthalene 709 2062  61 73 68 73 69(5) 
ether 1,2,3-trimethoxy-5-methyl-benzene 739 2018 2041 63 51 63 47 56(8) 
others n.i.-10 c  2230  62 32 66 71 58(17) 
 n.i-11  2234  64 45 49 68 57(11) 
 n.i.-16  2361  35 35 39 69 45(16) 
a The top five odour-active compounds with the highest MF (%) values within each kānuka smoke extract was highlighted in italic font. 
b The highest MF (%) values for each compound among four kānuka smoke extract is in bold. 
c not identified. 
Compounds were sorted by the chemical classes in numbers from high to low and the RI values from low to high within the chemical class. 




5.4.1.2 Odour-active compounds varied most across treatments 
The overall objective of this research is to control smoke production to achieve a target 
chemical and odour profile. To achieve this objective, it is important to determine how 
odour-active compounds vary between the smoke generation conditions to manipulate 
production of smoke with different odour profiles. Therefore, chi-square tests (χ2) were 
carried out upon the modified frequency of detection data to determine differences 
between samples, as a technique used in some other studies (Bueno et al., 2011; Culleré 
et al., 2013; Moncayo, Culleré, Ferreira, & Cacho, 2014). 
As shown in Table 5.4, twenty-nine odour-active compounds were found to be 
statistically significant among the four treatments according to χ2 test (p-values ≤ 0.05) 
using the modified detection frequencies. These compounds thus have the potential to 
create different odour profiles under different smoke generation conditions. One 
interesting point was that twenty-one of the odour-active compounds in this list with the 
highest MF (%) were from S4 that was collected under the highest smoke generation 
temperature (500 °C). This observation is not surprising as all the phenolic compounds 
found to be significant were non-methoxy phenols, which have been reported to be 
formed at higher temperatures (Mu et al., 2013). This means that higher temperature (500 
°C in this study) should be used to produce higher levels of non-methoxy phenols. All 
unidentified odour-active compounds that significantly discriminated samples, except 
n.i.-1 with LRI 1668, had a higher MF (%) value in S4 than the other smoke generation 
conditions. The LRI of 11 out of 13 of these odour-active compounds eluted with an LRI 
greater than 2000, placing them in the second half of the chromatograms. It was 
noteworthy that 2-allyl-4-methylphenol, n-hexadecanoic acid and an unidentified 
compound with LRI as 2331, with MF (%) values of 61%, 46% and 43% respectively, 
were only perceived in the smoke extract that was generated at 500 °C under 50% air in 
nitrogen (v/v). This was supported by the deconvoluted peak response from the GC-MS 
results, in which low levels of these three compounds were detected in S1, S2 and S3 and 
a sharp increase in peak response was observed when the smoke generation temperature 




was increased to 500 °C. For instance, the peak response ratio of 2-allyl-4-methylphenol 
in S1, S2, S3 and S4 was 1: 1: 3: 556. This trend in the current study was supported in 
literature, where a higher level of 2-allyl-4-methylphenol was detected when the thermal 
decomposition temperature of lignin was increased (Jiang et al., 2010). Other than those 
twenty-one odour-active compounds that were more intense in S4 collected under at 500 
°C, seven odour-active compounds were found to show highest MF (%) values in S3 that 
was collected under an inert atmosphere. For example, 2-hydroxy-2-cyclopenten-1-one, 
that gave a “floral, woody and leathery” odour, showed an MF (%) value of 65% in S3 
and 63% in S2. This observation was in accordance with the deconvoluted peak response 
ratio that was 1: 6: 10: 2 in S1, S2, S3 and S4. In addition, the MF (%) of butyrolactone 
and two unidentified compounds (n.i.-7 and n.i.-12) with LRI as 2069 and 2261 were not 
detected in smoke extract collected at 275 °C, meaning that their levels were below the 
odour threshold of the panel. 
From an odour character perspective, smoke generated at 500 °C tended to have more 
intensity of “spicy, floral, antiseptic” odours, as higher levels of related odour-active 
compounds were produced under this condition. By contrast, generation at 350 °C under 
nitrogen enhanced the “woody, floral” characters. However, although more intense 
odours were perceived in the smoke generated at 500 °C, it did not necessarily mean 
higher smoke generation temperature was a better condition. Potentially adverse odour 
characters (e.g. antiseptic, leathery and chemical) were enhanced as well under this 
condition, and most of the dominant odour-active compounds reached their highest levels 
at lower smoke generation temperatures (Table 5.4). 
To better visualize the difference of odour profiles among the four kānuka smoke 
extracts, a radar plot was constructed using the MF (%) values of all odour-active 
compounds that exhibited statistically significant differences (Figure 5.4). In general, S4 
stood out by containing more odour-active compounds with higher MF (%) than the other 
generation conditions, while S1 showed a distinct odour profile by containing more 




odour-active compounds with the lowest MF (%). By contrast, S2 and S3 showed more 
similar patterns but could be differentiated by 3-methyl-2(5H)-furanone (labelled as 7 in 
the radar plot), n.i.-7 (labelled as 20 in the radar plot)) and n.i.-9 (labelled as 22 in the 
radar plot). 
 
Figure 5.4 Radar plot comparing the odour profile using the MF (%) values of odour-
active compounds that showed statistically significant differences 
between four treatments. Axis represents the MF (%) and refer to Table 
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radar plot S1 S2 S3 S4 max.-min. 
phenols 2,6-dimethyl-phenol 838 1882 1889 29 48 41 66 37 *** 1 
 2,5-dimethyl-phenol 850 2042 2066 41 60 60 70 29 * 2 
 2,3-dimethyl phenol 806 2135 2120 42 54 67 70 28 * 3 
 2,3,5-trimethyl-phenol 658 2183 2211 29 53 44 59 30 * 4 
 2-allyl-4-methylphenol 881 2457 2515  0 0 0 61 61 b *** 5 
ketones 3-methyl-2(5H)-furanone 660 1717 1700 42 53 73 68 31 * 6 
 2-hydroxy-2-cyclopenten-1-one 742 1749 1758 27 63 65 29 38 *** 7 
 levoglucosenone 830 1962   39 39 56 61 22 * 8 
 apocynin 793 2581 2623 20 31 40 53 33 *** 9 
alcohol 2-isopropyl-5-methyl-1-heptanol 811 1357   57 57 55 23 34 *** 10 
acids acetic acid 895 1448 1473 55 47 63 27 35 ** 11 
 n-hexadecanoic acid 778 2856   0 0 0 46 46 *** 12 
aldehyde 4-hydroxy-3,5-dimethoxy-benzaldehyde  847 2879 2904 20 24 29 47 26 ** 13 
aromatic 1-(2-butenyl)-2,3-dimethyl-benzene  747 1779   31 51 61 50 30 * 14 
ester butyrolactone 748 1636 1637 0 54 57 55 57 *** 15 
ether 3,4-dimethoxytoluene 868 1788 1798 29 49 55 51 27 * 16 
others n.i.-1   1668   34 36 52 25 27 * 17 
 n.i.-5   1903   16 20 32 57 41 *** 18 
 n.i.-7   2069   0 18 40 62 62 *** 19 
 n.i-8   2111   40 47 43 67 26 * 20 
 n.i.-9   2170   25 20 42 55 35 *** 21 
 n.i.-10  2230  62 32 66 71 39 *** 22 
 n.i.-12   2261   0 20 22 51 51 *** 23 
 n.i.-14   2331   0 0 0 43 43 *** 24 
 n.i.-15   2344   14 29 34 48 33 *** 25 
 n.i.-16   2361   35 35 39 69 34 *** 26 
 n.i.-18   2469   14 20 16 63 49 *** 27 
 n.i.-19   2597   19 43 53 67 47 *** 28 
 n.i.-20   2627   19 20 25 62 43 *** 29 
 
a those compounds not identified was labelled as n.i. 
b MF(%) difference greater than 50% was bolded. 
∗, significant at p ≤ 0.05; ∗∗, significant at p ≤ 0.01; ∗∗∗, significant at p ≤ 0.001. 





The odour-active compounds in kānuka wood smoke were investigated by preparing 
extracts under different smoke generation conditions and analysing extracts by GC-
MS/O. Sixty-two odour-active compounds were found above the selected response 
threshold (MF > 50%) in at least one of the treatments. Among the identified compounds, 
phenolic compounds dominated the odour-active compounds in kānuka smoke. Twenty-
nine odour-active compounds exhibited a statistical difference between treatments, 
demonstrating the possibility of achieving different target odour profiles by varying 
smoke generation conditions. From the perspective of manipulating aroma production, 
medium conditions (350 °C) should be used to produce higher level of dominant odour-
active compounds, such as guaiacol to achieve more intense smoke. In contrast 500 °C 
should be applied to yield higher levels of odour-active compounds that significantly 
differentiated the smoke generation treatments, e.g. 2-allyl-4-methylphenol. Some 
odour-active compounds remain unidentified, although most of them showed relatively 
low MF (%) values. Further work would be required to increase the concentration of 
these compounds for identification. From the perspective of manipulating the chemical 
profile of smoke, and thus the odour profile, some odour-active compounds will be used 
as markers for further investigation of how smoke generation conditions influence the 
odour-active compounds formation in Chapter 6. These selected compounds are 2-
furanmethanol, 3-methyl-1,2-cyclopentanedione, guaiacol, creosol, syringol and 
vanillin, representing the odour-active compounds that were present at the highest odour 
intensity in kānuka smoke identified by GC-MS/O (Chapter 5) and that cover the major 
chemical classes (phenols, ketones, aldehydes and alcohols) present in the smoke. 
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Wood smoke is a complex chemical matrix containing numerous chemical compounds 
with different functional groups, including many odour-active compounds that contribute 
to the aroma and flavour of smoked food. The amounts of these aroma compounds 
produced varies with different smoke generation conditions. The thermal decomposition 
of biomass components varies depending upon temperature and hence generates different 
products. According to Beaumont and Schwob (1984), the thermal decomposition of 
biomass can be divided into four steps depending on the temperature, namely, drying 
(under 220 ℃), torrefaction (220 ℃ - 330 ℃), pyrolysis (330 ℃ - 450 ℃) and 
gasification (above 500 ℃). The presence of oxygen in the atmosphere has been found 
to oxidize the C-C to C-O bonds (Fang et al., 2006), and thus promotes the formation of 
oxygen-containing compounds. It has been reported that low levels of oxygen in the 
atmosphere (0.525% - 1.05%, v/v) promotes the formation of hydrolysable sugars and 
increases the total yield of phenolic monomers, while high oxygen conditions (8.40%, 
v/v) were found to increase water content in the bio-oil (tar) and oxygen content in the 
biochars (Kim et al., 2014). The sweep gas flow affects the oxygen level in the smoke 
generator when oxygen is supplied. In addition, higher gas flow mitigates the secondary 
decomposition of the unstable volatiles in the smoking vessel by both decreasing the 
residence time of the gaseous phase in the high temperature zone and decreasing the 
reactive species concentrations. Beaumont and Schwob (1984) investigated the impact 
of the sweep gas flow on the formation of beech wood pyrolysis products. Even though 
the flow rate within 0 - 2 L/min did not significantly change the overall yields of char 
and gas, it modified the composition of the pyrolysis oil considerably. For instance, the 
amount of condensed water decreased by 25% as the flow rated changed from 0 to 2 
L/min, while the amount of methanol decreased by 26%. The water content of wood 
chips also influences the thermal decomposition process. It slows the heating process 
because it has both a high specific heat capacity and latent heat relative to other molecules 
as the great amount of hydrogen bonds formed between water molecules must be broken 
down to change water from liquid phase to gas phase (Datt, 2011). Water is also a flushing 
agent that removes residual oxygen, a heat carrier in steam pyrolysis and an absorption 
media that captures water-soluble compounds during aerosol formation (Hasan, Hu, 
Gunawan, & Li, 2017). At higher temperatures it becomes a reactant (J. Zhang et al., 
2013). Beaumont and Schwob (1984) found that increased water content of the wood 
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sample decreased the levels of methanol, formic acid and propionic (propanoic) acid. 
Westerhof et al. (2007) found a positive correlation between increasing water level of the 
feed stock (0 % - 20% w/w) and the formation of char and gases (CO, CO2, CH4 and H2) 
. It has also been reported that the yield of total oil increased with increasing initial water 
content of spruce wood (Demirbas, 2004b). Investigation of the influence of moisture 
content in wood on the composition of liquid smoke revealed that higher yields occurred 
with lower moisture content with a short pyrolytic process (around 60 minutes). From a 
sensory and preservative perspective, some important compounds, such as 
syringaldehyde (4-hydroxy-3,5-dimethoxybenzaldehyde) and acetovanillone, were not 
even formed under high moisture contents (Guillén & Ibargoitia, 1999). Chan and co-
workers (1988) also found the pronounced impact of initial moisture content on the 
product distribution by observing an increase of the tar yield with an increase of moisture 
content.  
To reveal the relationships of thermal decomposition conditions and volatile products of 
kānuka wood powder, a response surface methodology (RSM) was applied. As a 
multivariate technique, RSM has been widely used to address the shortcomings from 
simple optimisation processes, namely one-variable-at-a-time, which ignores the 
interactions among the selected variables and requires more time and consumables 
(Bezerra, Santelli, Oliveira, Villar, & Escaleira, 2008).  
In Chapter 4, the impact of temperature and atmosphere (air and N2) on the VOC 
composition of kānuka wood smoke was investigated, which also provided boundary 
information of those two factors to facilitate the systematic design in the current study. 
In this chapter, four smoke generation variables, including reaction temperature, 
atmosphere oxygen level, sweep gas flow rate and moisture content of wood powder 
were selected for a central composite design to reveal how smoke generation factors 
influence the VOC composition of kānuka wood smoke in a systematic manner.  
6.2 Materials and Methods 
6.2.1 Materials 
The kānuka wood was supplied by JB & HA Brosnahan Ltd (Ohope, New Zealand) and 
its nature has been described previously (refer Chapter 43). To investigate the impact of 
moisture content on VOCs formation, a wood powder pre-treatment was developed. The 
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sieved kānuka wood powder (particle size within 250-850 µm) was conditioned to reach 
five levels of moisture content: 0%, 4%, 8%, 12% and 16%, corresponding to dry, 
medium-dry, air-dry (no further treatment after sieving), medium-wet and wet kānuka 
wood powder. The moisture content of wood powder was measured according to the 
standardized approach outlined by the United States Pharmacopoeia (<731> Loss on 
drying) (USP, 2016). This method can be used to approximately determine the moisture 
content if water is the only volatile constituent, or if its concentration is much higher than 
that of other volatiles. 
Triplicate air-dry wood powder samples (1g) were baked at 105℃ until constant weight 
was achieved (2.5 hours) to remove the moisture, where constant weight was defined as 
two consecutive weights that did not differ by more than 0.50 mg. The moisture content 
of the air-dry sample was found to be 8.28 ± 0.05% (n=3). The “dry” wood powder was 
prepared in the same baking process. To prepare wood powder with modified moisture 
contents, a certain amount of deionized water was added to the air-dry sample in a 500 
mL round-bottom flask and blended using a rotary evaporator for seven days to reach 
equilibrium. The weights of deionized water and air-dry wood powder, and actual 
moisture content levels are listed in Table 6.1. 
Table 6.1 Pre-treatment of kānuka wood powder. 
Name 
Weight of 
deionized water (g) 
Weight of wood powder (g) 
Actual moisture 
content (%) (n=3) 
medium-dry 1.6 36.0 g of dried wood powder 4.80 ± 0.02 
medium-wet 2.0 37.6 g of air-dry wood powder 12.84 ± 0.03 
wet 1.2 12.0 g of air-dry wood powder 15.55 ± 0.03 
6.2.2 Response surface methodology (RSM)  
In this study, four continuous factors: temperature, oxygen level, sweep gas flow rate and 
wood moisture content were treated as independent variables, while the peak responses 
of each detected compound were regarded as the dependent variables. As shown in Table 
6.2, five evenly distributed levels (coded as -2, -1, 0, 1 and 2) were selected for each 
variable depending on the results from pilot testing and the literature review. The 
boundaries of those four variables were set to cover a sufficiently broad range of thermal 
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decomposition conditions. For instance, the temperature was set between 200 °C and 500 
°C, which covered the zone where most VOC generation occurred according to the PCA 
plots in Section 4.3.2 of Chapter 4. To diminish the yields of water, the gas flow rate 
should reportedly be set at a high value (e.g. 2 L/min) (Beaumont & Schwob, 1984). 
However, inline stir bar sorptive extraction (SBSE, Twister®; 10 mm; 0.5 mm film 
thickness; Gerstel, Germany) was used in this study and the extraction is an equilibrium 
between adsorption and desorption, so relatively low values (50 mL/min - 250 mL/min) 
were employed to ensure efficient compound adsorption. The adjustment of sweep gas 
flow rate and percentage of air in N2 were achieved by a gas flow meter and two needle 
valves in air and N2 flow path. 
Using the software package Minitab (version 18.1; Minitab Inc., State College, PA, 
USA), a central composite design (CCD) factorial design was established with 30 base 
collections in triplicate, resulting in 90 experimental collections. Among these 
treatments, there were 48 cube points, 24 axial points at a distance of α = 2 from the 
design centre, 12 and 6 centre points in cube and axial, respectively. Details of the 
experimental design are listed in Appendix E.1. The CCD was carried out using 
orthogonal blocking (3 base blocks in triplicate), allowing the elimination of block effects 
on individual and interactive factor effects (Mirhosseini & Tan, 2009). The centre points 
were used to determine the experimental error. The response was modelled using an 
empirical second-order polynomial equation as follows: 
 =  + ∑   +   +  


                                 Equation 6.1 
Where Y is the response, β0 is the model constant, βi, βj and βij are the coefficients, 
Xi and Xj are independent variables, n is the number of variables. 
Table 6.2 Levels of selected experimental factors (independent variables) for CCD. 
Coded Temperature (°C) 
Atmosphere  
(percentage of air 
in N2) 




-2 200 0 50 0 
-1 275 25 100 4 
0 350 50 150 8 
1 425 75 200 12 
2 500 100 250 16 
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6.2.3 Smoke generation and analysis  
The wood smoke was generated and collected under defined conditions as listed in Table 
6.2 using a glass laboratory-scale smoke generator as described previously (Section 
4.2.2, Chapter 4)  while 1 g of wood powder was used for each cycle of smoke 
generation. In brief, with the designated laboratory-scale smoke generator, the kānuka 
wood smoke was generated under the defined conditions (temperature, atmosphere 
(percentage of air in N2) and sweep gas flow rate) and smoke VOCs collected with SBSE 
stir bars. The SBSE stir bars were then rinsed with deionized water and dried with lint-
free tissue. With the multipurpose sampler (MPS, Gerstel), the VOCs on SBSE stir bars 
were then desorbed in glass desorption tubes (length 60 mm, outer diameter 6 mm, inner 
diameter 4 mm; Gerstel) with a Gerstel Thermal Desorption Unit (TDU) under thermal 
program: 50 °C held for 0.5 min, then increased to 240 °C at 120 °C/min followed by a 
10 min hold. The desorbed VOCs were focused using a cryogenic trapping process in an 
empty, baffled glass liner at -60 °C with liquid carbon dioxide in the cooled injection 
system (CIS4, Gerstel). VOCs were then transferred onto the GC column by heating the 
liner to 240 °C at 720 °C/min then held for 10 min hold in split mode (10:1) at 16 mL/min.  
The separation of VOCs was carried out using an Agilent 7890B GC system (Agilent 
Technologies, Beijing, China) with a polar SolGel-WAX™  column (length 30 m, i.d. 
0.25 mm, film thickness 0.25 μm; Trajan Scientific, Australia) using hydrogen as the 
carrier gas under constant flow (1.6 mL/min) with an average velocity as 33.8 cm/second 
at 50 °C. The flow was then evenly split between a mass spectrometry detector and 
olfactory port using an Agilent 3-way splitter with makeup gas (part number G3183-
60501) under constant pressure (7.3 psi), although olfactometry data was not collected 
for this study. 
The GC oven temperature was increased from 50 °C to 240 °C at 4 °C/min with a 10 min 
hold. The detection was carried out with 5977A MSD (Agilent Technologies, USA) in 
scan (30 to 425 m/z) mode. The temperature of the mass spectrometer quadrupole was 
set at 150 °C, the source was set at 230 °C. To support the identification of selected 
VOCs, the smoke sample generated at 400 °C under nitrogen was also analysed on a non-
polar HP-5MS column (length 30 m, i.d. 0.32 mm, film thickness 0.25 μm; Agilent 
Technologies, USA). The GC oven temperature was isothermal at 50 °C for 4 min, then 
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increased to 210 °C at 5 °C/min, then increased to 320 °C at a rate of 10 °C/min with a 
10 min hold. 
6.2.4 Performance of mass detector and SBSE stir bars 
In order to monitor the performance of the mass spectral detector throughout the analysis, 
a reference standard mix containing 0.25 mg/mL of n-decane, n-tridecane, 1-decanol, 1-
octanol, 2,6-dimethylphenol, 2,6-dimethylaniline, naphthalene and methyl decanoate in 
n-hexane (Agilent Technologies, USA) was analysed weekly. Instead of using SBSE stir 
bars, 2 µL of the reference standard mix was placed in a 250 µL micro-insert that was 
then transferred to a glass desorption tube, and underwent the thermal desorption analysis 
using the Gerstel TDU inlet, as described in Section 6.2.3. To determine the 
comparability among SBSE stir bars and stability within SBSE stir bar, the repeatability 
of eighteen central points were also inspected by analysing the similarity of 
corresponding TICs with a computer-aided-similarity-evaluation software package 
(CASE, version 2004A) (Xie et al., 2008; Xie et al., 2006). These eighteen central points 
were randomly distributed in the CCD runs with fifteen SBSE stir bars, among which 
SBSE stir bar#7 was employed four times. It should be noted that these fifteen SBSE stir 
bars were used randomly for smoke collection to eliminate variation derived from SBSE 
stir bars themselves. 
6.2.5 Data processing  
As described elsewhere (Section 4.2.4, Chapter 4), the same procedures of data 
processing were carried out for these GC-MS data. In brief, the total ion chromatograms 
(TICs) collected with Masshunter® (version B.07.02, Agilent Technologies, USA) were 
deconvoluted with the software package, PARADISe (version 3.1, University of 
Copenhagen, Denmark) (Bro et al., 1999; Johnsen et al., 2017). After deconvolution, 
spreadsheets containing the aligned peaks were generated. VOCs were identified by two 
approaches: 1) comparing their deconvoluted mass spectra to the National Institute of 
Standards and Technology (NIST 2014) database; 2) comparing calculated linear 
retention indices (Calc. LRI) based on the linear RI regression of normal alkanes (C7-
C30, 1 mg/mL in hexane, Supelco, USA) to the reference linear retention indices (Ref. 
LRI) obtained from open access online databases (Bianchi et al., 2007). Analysis of 
variance (ANOVA) and response surface modelling (RSM) were carried out using 
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Minitab (version 18), based on the peak response to identify VOCs that were significantly 
impacted by the main effects and to locate the generation conditions that produced 
maximum concentrations of selected compounds depending on the graphical and 
numerical optimizer, respectively (Mirhosseini & Tan, 2009). 
6.3 Results and Discussion 
6.3.1 GC-MS performance monitoring 
A reference standard mix containing eight compounds that covered various classes were 
analysed weekly to track the detector performance and minimise the impact derived from 
changes in the response of the GC-MS detector over time upon VOCs detection. This 
resulted in eight cycles of analysis. Instead of using the mean plus/minus three standard 
deviations, that is commonly used but highly influenced by outliers and which may 
overlook outliers in small sample sets, the results in the current study were judged by 
comparing the relative peak response to a warning limit (median ± 2 × median absolute 
deviation) and control limit (median ± 3 × median absolute deviation) (Leys, Ley, Klein, 
Bernard, & Licata, 2013). The relative peak response of each compound was obtained by 
calculation against its average value from 24 injections (triplicate injections × eight 
cycles). As shown in Figure 6.1, a decrease in response of the mass detector response 
was observed, which was possibly due to contamination building-up in the ion source. 
However, all points were situated within the control limits. Only points from the last 
cycle for decane, tridecane and 1-octanol were outside the warning limit but remained 
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Figure 6.1 GC-MS system suitability tracking with multiple injection of reference 
standard mix. The relative peak response of each compound was 
calculated against its average peak response of twenty-four injections. 
Each point represents the averaged value from triplicate injections per 
cycle. 
6.3.2 SBSE stir bar performance monitoring 
Given the observation that the GC-MS performance was suitably stable for all analyses, 
the repeatability check of 18 central points was able to indicate the comparability of the 
15 SBSE stir bars used in the study, and the stability of each SBSE stir bar. The similarity 
of the TICs from the 18 central points was carried out using CASE, for which the first 
central point (run 2 in Appendix E.1) was treated as the “standard” and similarity for all 
other points were calculated against the “standard”. As shown in Figure 6.2, correlation 
coefficients were all larger than 0.96, demonstrating high degrees of similarity for all 
samples, which means the performance of fifteen SBSE stir bars were comparable. By 
looking at the similarity of TICs from smoke samples collected with SBSE stir bar#7 that 
was used for run 24, 35, 59 and 71 (Appendix E.1), the conclusion could be drawn that 
SBSE stir bar performance was stable after inline smoke collection throughout the 
duration of the experiment. Given that the performance of the mass detector and the 
SBSE stir bars remained consistent over the course of the experiments, any changes in 
peak response of the smoke VOCs should only reflect how smoke generation conditions 
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Figure 6.2 Similarity analysis for all central points from CCD. Similarity evaluation 
was achieved by comparing the TIC from each central run (Appendix E.1) 
against that from “Run 2” with a computer-aided-similarity-evaluation 
software package (CASE, version 2004A). 
6.3.3 Overview of detected VOCs in kānuka smoke 
After the automatic spectra deconvolution and peak integration, 242 chemical 
compounds were detected. Fewer compounds were detected compared to that found in 
the previous study (Chapter 3) due to the split injection mode (10:1). This was conducted 
to improve peak resolution and reduce peak overloading, which was observed in the 
previous study. Among the detected chemicals, there were 80 compounds with NIST 
match factors 700+, 32 compounds with 800+ and 33 compounds with 900+, which were 
considered as acceptable, good and excellent hits, respectively (Stadler et al., 2012). To 
support the identification, retention indices (RI) obtained from the current experiment on 
either the polar (WAX) or non-polar (HP-5MS) column were compared with that from 
open access online databases (Bianchi et al., 2007). The comparison of the experimental 
mass spectra to the NIST2014 database, and comparison of calculated linear retention 
indices (Calc. LRI) to the reference linear retention indices (Ref. LRI) obtained from 
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phenolic compounds dominated these “identified” compounds, followed by eleven 
ketones and seven aldehydes (Table 6.3). 















Phenol guaiacol (2-methoxyphenol) 946 1858 1858 1110 1090 
 2,6-dimethyl-phenol 936 1916 1894 1133 1128 
 creosol (2-methoxy-4-methylphenol) 948 1962 1965 1200 1199 
 ethyl-2-methoxy-phenol, isomer§ 833 1984    
 4-ethyl-2-methoxy-phenol  928 2038 2034 1307 1264 
 2,5-dimethyl-phenol  839 2091 2091 1110 1083 
 2-methoxy-4-propyl-phenol  892 2114 2117 1424 1374 
 eugenol (2-methoxy-4-(2-propenyl)phenol) 939 2168 2167 1411 1384 
 3,4-dimethyl-phenol 771 2179 2189 1227 1197 
 2-Methoxy-4-vinylphenol 901 2197 2198 1349 1331 
 (Z)-2-methoxy-4-(1-propenyl)-phenol 954 2240 2240 1466 1423 
 syringol (2,6-dimethoxy-phenol)  947 2263 2262 1421 1359 
 2-methoxy-4-(1-propenyl)-phenol  927 2314 2288 1514 1474 
 3,5-dimethoxy-4-hydroxytoluene 875 2342 2332 1522 1473 
 2,6-dimethoxy-4-(2-propenyl)- phenol 944 2503 2544 1636 1609 
 (E)-2,6-dimethoxy-4-(prop-1-en-1-yl)phenol 948 2656 2758 1690 1703 
 2-methoxy-1,4-benzenediol 788 2822 2918 1327 1311 
Ketone methyl-2-cyclopenten-1-one, isomer§ 717 1357    
 1-hydroxy-2-propanone 915 1212 1274 729 694 
 2-cyclopenten-1-one 903 1274 1316 809 802 
 2-methyl-2-cyclopenten-1-one 900 1291 1356 892 896 
 1-hydroxy-2-butanone 794 1295 1351 754 748 
 1-(2-furanyl)-ethanone 831 1452 1461 897 914 
 2,5-dihydro-3,5-dimethyl-2-furanone 715 1620 1637 1009 993 
 1,2-cyclopentanedione 894 1758 1741 917 942 








774 2710 2771 1629 1592 
Aldehyde furfural 950 1406 1423 823 820 
 methyl-2-furancarboxaldehyde, isomer§ 771 1523    
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 5-methyl-2-furancarboxaldehyde 939 1536 1536 974 969 
 2-hydroxy-benzaldehyde 861 1653 1653 1059 1047 
 vanillin 948 2512 2518 1467 1447 
 4-hydroxy-3,5-dimethoxy-benzaldehyde 879 2808 2904 1695 1670 
Acid acetic acid 922 1381 1403 693 662 
Alcohol 2-furanmethanol 917 1640 1640 818 845 
Alkane tridecane 946 1245 1300 1338 1300 
Aromatic naphthalene 961 1726 1724 1217 1179 
Esters benzoic acid, methyl ester 785 1592 1595 1080 1091 
 4-hydroxy-3-methoxy-benzoic acid, methyl ester 917 2547 2565 1560 1527 
Ether 3,4-dimethoxytoluene 910 1808 1806 1283 1230 
 4-ethyl-1,2-dimethoxy-benzene 790 1887 1875 1382 1320 
 1,2-dimethoxy-4-(1-propenyl)-benzene 733 2287 2194 1551 1492 
Furan 2-methyl-benzofuran 865 1560 1563 1127 1107 
a The compounds were classified according to Nomenclature of Organic Chemistry published by International Union 
of Pure and Applied Chemistry (IUPAC) (Favre & Powell, 2013). † Tentative compound identification. 
b MS Quality factor indicates how similar the unknown compound spectrum is to the library of known spectra scaling 
from 0 to 1000. 
c calc. LRI-WAX means the calculated linear retention indices with WAX column obtained in this study. 
d ref. LRI-WAX means the reference linear retention indices with polar column obtained from open access databases, 
including NIST, Chemspider and Pubchem. 
6.3.4 Impact of smoke generation factors on selected VOCs  
The statistical analysis by response surface modelling could be carried out for every 
detected compound in kānuka smoke from this study. However, to simplify the data 
interpretation and to focus on the odour-active compounds that influence the odour 
profile of kānuka smoke, 2-furanmethanol, 3-methyl-1,2-cyclopentanedione, guaiacol, 
creosol, syringol and vanillin, which covered four chemical classes, were selected to 
show the effects from smoke generation conditions. They were selected not only for their 
considerable levels detected in kānuka smoke, but also to cover different chemical 
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classes. More importantly, those chemicals were also identified as odour-active 
compounds in Chapter 5. For example, vanillin and guaiacol were determined by GC-
MS/O to be the top two odorants with the highest values of modified detection frequency 
% and showed “vanilla and caramel” and “leathery, greenery, bacon and floral” odour 
characters, respectively (Chapter 5).  
The four selected independent variables with highest F-value or lowest p-value are 
considered to have the most significant effect on the dependent variables (peak response) 
(Kamalian, Mirhosseini, Mustafa, & Manap, 2014). All non-significant (p-value > 0.05) 
terms, including linear, quadratic and interactive, were removed from the initial models 
to establish the final reduced model. Some variables with a p-value above 0.05 were kept 
as their quadratic and/or interactive effect showed statistical significance (Mirhosseini & 
Tan, 2009). It should be noted that due to the abnormal distribution of residuals, the 
dependent variables (Y) underwent Box-Cox transformation to y with optimal λ (Table 
6.4) (Cam & Aaby, 2010; Zhang & Yang, 2017). The transformation of dependent 
variables was carried out based on the following equation:  
 =                                                                                                                        Equation 6.2 
As shown in Table 6.4 these reduced models adequately explained the variation of the 
peak response of representative compounds with relatively high correlation coefficient 
(R2 values > 0.8) except vanillin with R2 as 0.6734. Ideally, R2 should not be less than 
0.8 for a good model fit (Joglekar & May, 1987). However, researchers also claimed that 
R2 alone was not the demonstration of model accuracy because R2 could always be 
increased by adding variables to the model, even with no statistical significance. 
Compared to R2, the average absolute deviation (AAD) is a better indication of model 
accuracy (Yolmeh & Jafari, 2017). For the six selected compounds, very low AAD values 
(less than 6.1%) were observed, especially for vanillin (0.5%). In addition, the lack-of-
fit test showed non-statistical significance (p-value > 0.120). The F-values of all 
regression models were more than 11 and the probability levels of all F values were less 
than 0.001, further demonstrating model adequacy (Thompson, 1982). The coefficients 
of each independent variable (linear, quadratic and interactive) indicate the positive or 
negative effect on response of dependent variables. A positive effect means an increase 
in response when the levels of the independent variable was increased, while a negative 
effect exerts the reverse trend. Temperature (both linear and quadratic effects) showed 
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significant influence on all compounds (p-value < 0.001), while the moisture content of 
wood powder showed a non-significant linear effect. However, moisture content of wood 
powder was kept in the model because it showed significant interactive effects with 
temperature on syringol and vanillin, and with sweep gas flow rate on syringol, 
respectively. Table 6.5 showed F-values of all effects, including linear, quadratic and 
interactive terms, for each compound. Overall, among all selected smoke generation 
parameters, temperature was the most influential factor for all compounds with the 
highest F-value (either with linear or quadratic effect). The linear effect of temperature 
had the highest impact on the formation of 2-furanmethanol and vanillin, whereas the 
quadratic effect of temperature had a more important effect on the other compounds. The 
rank order of the F-values varied in a compound specific manner for atmosphere 
(percentage of air in N2) and sweep gas flow rate. For example, sweep gas flow rate 
showed a higher impact than atmosphere (percentage of air in N2) on the levels of 
guaiacol and creosol. The moisture content of wood powder showed the least impact on 
the formation of selected compounds with only a significant interactive effect observed.  
Table 6.4 Regression coefficients, R2 and lack of fit for the final reduced RSM models 







guaiacol creosol syringol vanillin 
 λ 0.217457 0.155129 0.187663 0.261725 0.051360 0.021443 
 β0 6.310000 -13.120000 -24.240000 -231.300000 0.783000 1.455900 
linear β1 0.189900*** 0.123390*** 0.333700*** 2.104200*** 0.008298*** -0.000638*** 
 β2 -0.206100*** -0.010440*** 0.159300# 0.651000*** 0.002530* 0.000290*** 
 β3 0.041700*** 0.031610# -0.042100***  -0.159400*** -0.000250*  0.000054* 
 β4 -- -- -- -- 0.00880# 0.00402# 
quadratic β12 -0.000325*** -0.000150*** -0.000463*** -0.002884*** -0.000010*** 0.000001*** 
 β22 -- -- -- -- -- -- 
 β32 -- -- 0.000191** 0.000901*** -- -- 
 β42 -- -- -- -- -- -- 
interactive β12 0.000351* -- -0.000491*** -0.001426*** -0.000006* -- 
 β13 -0.000164* 0.000089*** -0.000106* -0.000382* -- -- 
 β14 -- -- -- -- -0.000047** -0.000012* 
 β23 -- -- -- -0.001353* -- -- 
 β24 -- -- -- -- -- -- 
 β34 -- -- -- -- 0.000059* -- 
 R2 0.8318 0.8097 0.8977 0.9414 0.8494 0.6734 




0.457 0.120 0.864 0.457 0.644 0.239 




< 0.0001 <0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
β1, temperature; β2, atmosphere (percentage of air in N2); β3, sweeping gas flow rate; β4, moisture content of wood 
powder 
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∗, significant at p ≤ 0.05; ∗∗, significant at p ≤ 0.01; ∗∗∗, significant at p ≤ 0.001. 
#, not significant 
§, Absolute average deviation, % 







guaiacol creosol syringol vanillin 
β1 F-ratio 222.80 44.67 200.25 31.91 140.77 38.16 
β2 F-ratio 85.80 21.38 3.74 4.91 6.71 33.32 
β3 F-ratio 11.91 0.09 45.59 61.77 6.46 4.61 
β4 F-ratio -- -- -- -- 0.90 0.17 
β12 F-ratio 79.39 267.87 306.83 942.87 200.54 34.29 
β22 F-ratio -- -- -- -- -- -- 
β32 F-ratio -- -- 10.35 18.19 -- -- 
β42 F-ratio -- -- -- -- -- -- 
β12 F-ratio 5.69 -- 21.60 14.42 4.48 -- 
β13 F-ratio 4.96 23.48 4.02 4.14 -- -- 
β14 F-ratio -- -- -- -- 7.24 5.33 
β23 F-ratio -- -- -- 5.76 -- -- 
β24 F-ratio -- -- -- -- -- -- 
β34 F-ratio -- -- -- -- 4.93 -- 
β1, temperature; β2, atmosphere (percentage of air in N2); β3, sweeping gas flow rate; β4, moisture content of wood powder 
In order to visualize how the peak response of selected compounds was influenced by 
smoke generation conditions, three-dimensional response surface plots were constructed 
by plotting each pair of four smoke generation parameters against the detected peak 
response while holding the other independent variables at their central levels. The 
“moisture content of wood powder” variable was left out while modelling 2-
furanmethanol, 3-methyl-1,2-cyclopentanedione, guaiacol and cresol, as its p-values 
were > 0.05. Figure 6.3 shows the response surface for 2-furanmethanol, which was 
reported to form from from thermal decomposition of hemicellulose (Liaw, Haber Perez, 
Zhou, Rodriguez-Justo, & Garcia-Perez, 2014) and gave a “floral” odour reported by the 
assessors during GC-MS/O (Chapter 5). The maximum level of 2-furanmethanol was 
observed at 230 °C followed by a steady decrease as the temperature was increased to 
500 °C. This observation is because 2-furanmethanol is derived from the thermal 
decomposition of hemicellulose, which reportedly occurs at 220-315 °C (Liaw et al., 
2014; Yang et al., 2006). The level of 2-furanmethanol was nearly four times higher 
under nitrogen than that under air with other independent variables at central levels, 
indicating the possibility that oxidation reduces the yield in the presence of oxygen. 
Although the effect was not as great as temperature and atmosphere (percentage of air in 
N2) (Table 6.5), lower sweep gas flow rates resulted in higher levels of 2-furanmethanol. 
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To some extent, this observation supports the scenario of oxidation-induced decrease of 
2-furanmethanol, as lower flow rates meant lower oxygen supply. 
(a) Interactive effect of temperature and atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and sweeping gas flow rate 
 
(c) Interactive effect of atmosphere (percentage of air in N2) and sweeping gas flow 
rate 
 
Figure 6.3 Response surface plots on the peak response of 2-furanmethanol. 
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Figure 6.4 shows how smoke generation conditions influenced the detected level of 3-
methyl-1,2-cyclopentanedione (maple lactone), which originates from the thermal 
decomposition of cellulose (Zhao et al., 2017) and was perceived by the panel as “woody, 
caramel and herby” during GC-MS/O (Chapter 5). In terms of temperature, within the 
experimental range, a convex curve of peak response was observed with a maximum 
value at 397 °C, which was in agreement with published research where this ketone 
reached maximum production at 400 °C from the pyrolysis of hybrid Poplar (Liaw et al., 
2014). Higher levels of this compound were produced under a nitrogen atmosphere (in 
the absence of oxygen), which was supported by the observation from pyrolysis of red 
oak investigating the impact of the presence of oxygen (0.525% - 8.40%) in the 
atmosphere (Kim et al., 2014), though no significant effect was observed for sweep gas 
flow rate. 
Figure 6.5 shows how the guaiacol level was influenced by changing the smoke 
generation conditions. The reduced model was constructed by eliminating moisture 
content of wood powder, which showed no statistical significance on the level of guaiacol 
regardless of whether the term was linear, quadratic or interactive (Table 6.4). Guaiacol, 
a thermal decomposition product of lignin (Zhao et al., 2017) that was described as 
having a “leathery, greenery, bacon and floral” odour during GC-MS/O (Chapter 5), 
was influenced most by temperature with a maximum generation occurring at 355°C. It 
was previously reported that the formation of methoxy-phenols, such as guaiacol, 
syringol and creosol, was decreased when the temperature exceeded 500 °C (Lou, Wu, 
Lv, et al., 2010). The different inflection points of temperature (355 °C vs 500°C) might 
be derived from the different smoker design, for which a tubular reactor was used in the 
previous research. In terms of sweep gas flow rate, a lower flow favoured the formation 
of guaiacol, e.g., 2.5-fold greater of guaiacol was produced at 50 mL/min sweep gas flow 
rate than 250 mL/min with other smoke generation parameters at their central levels. This 
indicates that residence time within the hot reaction zone, namely the smoke generation 
vessel, is important to the formation of guaiacol. In contrast, atmosphere (percentage of 
air in N2) showed no statistical significance. 
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(a) Interactive effect of temperature and atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and sweeping gas flow rate 
 
(c) Interactive effect of atmosphere (percentage of air in N2) and sweeping gas flow 
rate 
 
Figure 6.4 Response surface plots on the peak response of 3-methyl-1,2-
cyclopentanedione.  
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(a) Interactive effect of temperature and atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and sweeping gas flow rate 
 
(c) Interactive effect of atmosphere (percentage of air in N2) and sweeping gas flow 
rate 
 
Figure 6.5 Response surface plots on the peak response of guaiacol. 
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Figure 6.6 revealed how creosol was significantly (p < 0.05) affected by smoke 
generation conditions. The odour of creosol was described as “vanilla, caramel” by the 
panel during GC-MS/O (Chapter 5). The peak response of creosol was highly influenced 
by temperature, with a maximum value predicted by the RSM at 336 °C. This observation 
was similar to how guaiacol changed as a function of temperature. This is not surprising 
because they are both guaiacyl phenols originating from lignin. Compared to 
temperature, the atmosphere and sweep gas flow rate showed less effect on creosol 
formation. It was noteworthy that atmosphere (percentage of air in N2) showed different 
effects when the sweep gas flow rate was set at different levels. Under 50 mL/min of 
sweep gas, the level of creosol was increased as the proportion of air in the atmosphere 
was increased, while the trend was reversed at a sweep gas flow of 250 mL/min, 
indicating the importance of residence time within the hot reaction zone. 
Figure 6.7 showed how interactive effects of each pair of selected smoke generation 
conditions significantly (p<0.05) influenced the detected level of syringol, which is one 
of the thermal decomposition products from lignin and gives a “greenery, floral, woody 
and leathery” odour (Giudicianni et al., 2013). The variation of the syringol peak 
response as a function of temperature followed a convex curve with a maximum level at 
350 °C. Increasing the ratio of air: N2 and sweep gas flow rate increased the syringol 
level, whereas moisture content had a non-significant linear effect. The signs of the 
coefficients for interactive effects of temperature and atmosphere (percentage of air in 
N2) and temperature and moisture content of the wood powder were negative. This means 
that as the temperature is increased, the impact from atmosphere (percentage of air in N2) 
and moisture content was reduced. However, under higher sweep gas flow rate, the 
impact from moisture content was enhanced. Other pairs of independent variables 
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(a) Interactive effect of temperature and atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and sweeping gas flow rate 
 
(c) Interactive effect of atmosphere (percentage of air in N2) and sweeping gas flow 
rate 
 
Figure 6.6 Response surface plots on the peak response of creosol. 
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(a) Interactive effect of temperature and 
atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and 
sweeping gas flow rate 
 
(c) Interactive effect of temperature and 
moisture content of wood powder 
 
(d) Interactive effect of atmosphere 
(percentage of air in N2) and sweeping 
gas flow rate 
 
(e) Interactive effect of atmosphere 
(percentage of air in N2) and moisture 
content of wood powder 
 
(f) Interactive effect of sweeping gas flow 
rate and moisture content 
 
 
Figure 6.7 Response surface plots on the peak response of syringol.  
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Figure 6.8 showed the response surface plots of vanillin, which was described as having 
a “vanilla and caramel” odour during GC-MS/O (Chapter 5). Vanillin yield increased 
as the temperature was increased from 200 °C to 500 °C. This observation was supported 
by previous results from pyrolysis-gas chromatography-mass spectrometry (PyGC-MS) 
of lignin, where the highest yield of vanillin was reached at 500 °C over a temperature 
range of 400 °C - 800 °C (Jiang et al., 2010). The formation of vanillin was promoted by 
the presence of air, which agreed with reported observations from the pyrolysis of red 
oak under an atmosphere fortified with low levels of oxygen (0.525% - 8.40%) (Kim et 
al., 2014). Higher sweep gas flow rate resulted in higher levels of vanillin due to more 
oxygen being supplied to the smoke generation vessel. The moisture of wood powder 
was kept in the modelling as it showed significant interactive effect (negative) with 
temperature (Table 6.5).  
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(a) Interactive effect of temperature and 
atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and 
sweeping gas flow rate 
 
(c) Interactive effect of temperature and 
moisture content of wood powder 
 
(d) Interactive effect of atmosphere 
(percentage of air in N2) and sweeping 
gas flow rate 
 
(e) Interactive effect of atmosphere 
(percentage of air in N2) and moisture 
content of wood powder 
 
(f) Interactive effect of sweeping gas flow 
rate and moisture content 
 
 
Figure 6.8 Response surface plots on the peak response of vanillin. 
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Using the response optimizer function of Minitab 18, conditions in Table 6.6 were 
determined to be the smoke generation conditions with which the maximum levels were 
obtained for each corresponding compound. It should be noticed that no “moisture 
content” was given for 2-furanmethanol, 3-methyl-1,2-cyclopentanedione, guaiacol and 
creosol as the moisture content of wood powder showed no significant effect upon these 
compounds. Unsurprisingly, the optimized conditions to reach maximum amount varied 
in a compound-specific way according to their origin and reaction pathway. This also 
demonstrates how different odour characters could be achieved by changing the smoke 
generation conditions, and thus obtaining different aroma profiles. For example, smoke 
generated at 500 °C was predicted to contain high levels of vanillin and hence present a 
more intense “vanilla, caramel” odour (Chapter 5). However, when considering the 
sensory character of odour mixtures, interactive effects between odorants needs to be 
considered. For example, at 500 °C, the levels of some compounds in smoke, e.g. creosol, 
that give a similar or complementary odour with vanillin, are predicted to be lowest. Thus 
the overall smoke mixture would need to be evaluated. 







of air in N2) 







2-furanmethanol 230 0 250 --* 1 
3-methyl-1,2-
cyclopentanedione 
397 0 50 -- 2 
guaiacol 355 0 50 -- 3 
creosol 336 100 50 -- 4 
syringol 350 100 250 16 5 
vanillin 500 100 250 0 6 
* no significant effect
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6.4 Conclusions 
Using a response surface methodology, four parameters (temperature, atmosphere 
(percentage of air in N2), sweep gas flow rate and moisture content of wood powder) 
were selected to reveal how smoke generation conditions influenced the VOCs in kānuka 
wood smoke. Results showed that more than two-hundred VOCs were detected in the 
gas phase of kānuka wood smoke. Among the forty-two identified compounds, the 
dominant chemical classes were phenols, followed by ketones and aldehydes. Analysis 
of variance of six representative VOCs showed that temperature was the most influential 
factor. The response surface plots were effective for evaluating the effects of selected 
smoke generation conditions. The optimized conditions to reach the highest levels of 
those six compounds were determined. In association with information of odour activity 
by gas chromatography-olfactometry (GC-MS/O) (Chapter 5), this investigation will be 
able to provide information regarding how to manipulate the level of target odour-active 
compounds and ultimately tune the smoke generation to achieve a desired chemical and 
flavour profile. 
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7.1 Introduction 
Polycyclic aromatic hydrocarbons (PAHs), also knowns as polyaromatic hydrocarbons 
or polynuclear aromatic hydrocarbons, are a class of organic compounds containing over 
200 different hydrocarbons that are comprised of two or more aromatic rings. Both 
natural and anthropogenic processes lead to the formation of PAHs. As notoriously 
ubiquitous pyrolysis products, PAHs have been detected in air, water, soils and 
sediments, where they usually exist as complex mixtures (Domingo & Nadal, 2015).  
There is a longstanding safety concern about the existence of harmful PAHs in smoked 
food products (Fretheim et al., 1980; Guillén & Ibargoitia, 1999; Stołyhwo & Sikorski, 
2005; Yurchenko & Mölder, 2005). PAHs can be formed whenever food is grilled, fried, 
barbecued or roasted (Jones et al., 2017; Sun, Wu, & Gong, 2019). In addition, 
researchers have concluded that PAHs with four or more rings are more likely to cause 
malignant tumours than those containing less rings (Chen & Lin, 1997). PAHs are 
considered in the priority pollutants list of the U.S. Environmental Protection Agency 
(EPA) (Table 7.1) and in the European Union (EU) list of persistent organic pollutants 
(POPs) (Vecino, Rodriguez-Lopez, Cruz, & Moldes, 2015). According to the monograph 
released by the International Agency for Research of Cancer (IARC), thirteen PAHs, 
including benzo(a)pyrene, have been classified as carcinogenic compounds to humans, 
cyclopenta(c,d)pyrene, dibenzo(a,h)anthracene and dibenzo(a,l)pyrene were probably 
carcinogenic to human, while benzo(a)anthracene, benzo(b)fluoranthene, 
benzo(j)fluoranthene, benzo(k)fluoranthene, chrysene, dibenzo(a,h)pyrene, 
dibenzo(a,h)pyrene, dibenzo(a,h)pyrene, 5-methylchrysene were considered as 
unclassifiable with respect to human carcinogenicity (IARC, 2010). Because of the 
carcinogenic and bioaccumulative properties of PAHs, the European Union enacted strict 
regulations in September 2014. According to the regulations, maximum levels for PAHs 
must be safe and as low as reasonably achievable in food, including smoked meat and 
meat products and smoked fish and fishery products. For instance, the limits are currently 
5.0 μg/kg for benzo(a)pyrene and 30.0 μg/kg for the sum of benzo(a)pyrene, 
benz(a)anthracene, benzo(b)fluoranthene and chrysene (Commission, 2014). Although 
the U.S. Food and Drug Administration has not established standards governing the PAH 
content of foodstuffs, the U.S. Environmental Protection Agency (EPA) set a maximum 
contaminant level goal for benzo(a)pyrene in drinking water at 0.2 parts per billion (ppb). 
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PAHs are generated during pyrolytic reactions, especially the incomplete combustion of 
organic matter, such as wood, coal and oil. Among the parameters that influence the 
generation of PAHs, temperature during pyrolysis plays a very important role, and the 
quantitative amount of PAHs formed is reported to be linearly related to the smoking 
temperature in the range 400 °C - 1000 °C (Cadwallader, 2007). In addition, the PAHs 
content also varies with the types of wood species. Researchers found poplar and hickory 
produced less PAHs by 35% - 55% compared with beech wood in smoked meat products 
(Hitzel et al., 2013). 
The most common sampling methods for PAHs from smoke use either filters or 
adsorbents, or a combination of both. Glass fibre filters are frequently applied as they 
allow high flow rates (Thrane & Mikalsen, 1981). It should be noted that the adsorption 
of PAHs by filters and adsorbents varies in a compound specific way (Wheatley, 
Levendis, & Vouros, 1993); for example, benzo(g,h,i)perylene was only retained by the 
glass fibre and not by XAD adsorbents (a hydrophobic copolymer of styrene-
divinylbenzene resin) (Liu et al., 2001).   
Literature has employed high performance liquid chromatography (HPLC) and gas 
chromatography (GC) combined with different detectors such as fluorescence detector 
(FLD), flame ionisation detector (FID) and mass spectrometry (MS) to measure the level 
of PAHs. Mohammadiv and Valizadeh-kakhki (2016) reported a GC-MS method to 
determine PAHs in grilled beef and chicken. The maximum concentration of total PAHs 
was 21.95 ng/g found in grilled beef, while the lowest was 0.29 ng/g in grilled chicken. 
Yurchenko and Mölder (2005) determined the levels of six PAHs in smoked fish, fresh 
fish, olive-oil and rape-oil samples by GC-MS with positive-ion chemical ionisation. 
PAHs were only found in smoked samples where the sum of the average of six PAHs 
content was 12.37 μg/kg, whereas in fresh samples they were not detected. 
The aim of this chapter was to understand how levels of the 16 priority PAHs assigned 
by the U.S. Environmental Protection Agency (EPA) (Table 7.1) were influenced by 
smoke generation parameters (temperature, atmosphere (percentage of air in N2), sweep 
gas flow rate and moisture content of wood powder) with a laboratory-scale smoke 
generator (Chapter 3) and trapping the condensate with glass fibre. GC-MS was 
employed for the PAHs analysis and response surface methodology with a central 
composite design was used to reveal the relationship between PAHs formation and smoke 
Chapter 7 Investigation of influence from smoke generation conditions on polycyclic 
aromatic hydrocarbons (PAHs) by response surface methodology (RSM) 
137 
generation conditions. RSM has been widely employed to reveal the relationship between 
multiple factors (independent variables) and responses (dependent variables) (Fan, Han, 
Gu, & Chen, 2008; Jeong, Kwak, Ahn, & Jeong, 2012; Karacabey & Mazza, 2010). This 
study was part of research that focuses on understanding how VOC and odour profiles of 
kānuka wood smoke can be modified using different smoke generation parameters while 
mitigating the risks from PAHs. Thus, the same smoke generation conditions used in 
Chapter 6 were used here to determine the corresponding PAH generation.  
7.2 Materials and Methods 
7.2.1 Materials 
A PAH solution mix containing 0.2 mg/mL of the 16 priority PAHs assigned by the U.S. 
Environmental Protection Agency (EPA)in methanol and dichloromethane 50 : 50 (v/v) 
was supplied by AccuStandard (Table 7.1). Mega BE-SI SPE columns (5 g, 20 mL, part 
number 12256026) were purchased from Agilent. n-hexane and dichloromethane (HPLC 
grade) were provided by Merck (Germany). A Preppy TM 12-port vacuum manifold 
(Supelco, USA) was used for solid phase extraction. 1-Dodecanol (≥ 98.0%) was 
purchased from Sigma-Aldrich (USA). The kānuka wood was supplied by JB & HA 
Brosnahan Ltd (Ohope, New Zealand) and the characterisation of material was described 
in Section 3.2.1 in Chapter 3. 
7.2.2 Response surface methodology (RSM) 
The experimental design of smoke generation conditions was the same as in Chapter 6 
(Section 6.2.2). PAHs were collected with glass wool simultaneously with the samples 
for odour compound detection by stir bar sorptive extraction (Chapter 6). 
7.2.3 Wood Smoke generation 
The wood smoke was generated and collected under defined conditions using a glass 
laboratory-scale smoke generator as described in Chapter 3, while 1 g of wood powder 
was used for each cycle of smoke generation.  
Chapter 7 Investigation of influence from smoke generation conditions on polycyclic 
aromatic hydrocarbons (PAHs) by response surface methodology (RSM) 
138 
Table 7.1 Chemical information of the 16 priority PAHs assigned by the U.S. 
Environmental Protection Agency (EPA). 
Name MF CAS No. MW SIM ions Structure 
Naphthalene C10H8 91-20-3 128 128 
 
Acenaphthylene C12H8 208-96-8 152 152 
 
Acenaphthene C12H10 83-32-9 154 153 
 
Fluorene C13H10 86-73-7 166 166 
 
Phenanthrene C14H10 85-01-8 178 178 
 
Anthracene C14H10 120-12-7 178 178 
 
Fluoranthene C16H10 206-44-0 202 202 
 
Pyrene C16H10 129-00-0 202 202 
 
Benzo(a)anthracene C18H12 56-55-3 228 228 
 
Chrysene C18H12 218-01-9 228 228 
 
Benzo(b)fluoranthene C20H12 205-99-2 252 252 
 
Benzo(k)fluoranthene C20H12 207-08-9 252 252 
 
Benzo(a)pyrene C20H12 50-32-8 252 252 
 
Indeno(1,2,3-c,d)pyrene C22H12 193-39-5 276 276 
 
Benzo(g,h,i)perylene C22H12 191-24-2 276 276 
 
Dibenzo(a,h)anthracene C22H14 53-70-3 278 278 
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7.2.4 PAHs collection  
PAHs generated during the smoking process were adsorbed using 0.2 g of glass wool, 
which was placed at the outlet of the smoke conduit (Figure 3.3). Prior to instrumental 
analysis, PAHs were extracted from the enriched glass wool by adding 5 mL of n-hexane 
followed by 10 min of sonication, during which the temperature was maintained at < 30 
°C. The solvent was recovered with a glass pipette and this procedure was repeated for 
two more extraction cycles. The extracts were combined (15 mL) and then purified using 
SPE cartridges, which were conditioned beforehand with 20 mL of dichloromethane, 
dried under vacuum, and then reconditioned with 20 mL of n-hexane. A hexane extract 
of PAHs was loaded onto the SPE column, followed by a washing step with 5 mL of n-
hexane: dichloromethane 7:3. PAHs were then eluted from the SPE column with 15 mL 
n-hexane: dichloromethane 7:3 and collected in a 20 mL headspace vial. The collected 
eluent was concentrated to about 200 µL under gentle nitrogen stream and 5 µL of 1-
dodecanol (0.417 mg/mL) was then added and used as internal standard to correct the 
final volume prior to GC-MS analysis. This collection method was modified from 
literature (Purcaro, Moret, & Conte, 2009).  
7.2.5 Analysis of PAHs by GC-MS 
Analysis of PAHs was conducted using an Agilent 7890B GC system (Agilent 
Technologies, Beijing, China) with a DB-1701 column (length 60 m, i.d. 0.25 mm, film 
thickness 0.25 μm; Agilent Technologies, USA) using hydrogen as the carrier gas under 
constant flow (1.2 mL/min) with an average velocity of 42.7 cm/second at 90 °C. The 
GC oven temperature was increased from 90 °C to 280 °C at 5 °C/min with a 30 min 
hold. The detection was carried out with 5977A MSD (Agilent Technologies, USA) in 
SIM mode (refer to Table 7.1 for the monitoring ions). The temperature of the mass 
spectrometer quadrupole was set at 150 °C and the source at 230 °C.  
7.2.6 GC-MS performance monitoring and sampling procedures verification 
The precision of GC-MS system response was checked by injecting the PAHs reference 
standard mix (1µg/mL in DCM/Methanol 1/1, v/v) three times before and after sample 
analysis. The repeatability check of the sampling procedure was carried out by inspecting 
the similarity of eighteen central points from the CCD. To verify the accuracy of PAHs 
extraction procedures from glass wool and understand the recoveries, 0.5 µg and 5 µg of 
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PAHs were spiked onto enriched glass wool which was then treated as described in 
Section 7.2.4.  
7.2.7 Data processing 
After analysis using GC-MS, peak response of PAHs was obtained from the integration 
of the corresponding peak in the extracted ion chromatograms that were generated using 
the parent ion from total ion chromatograms. Analysis of variance (ANOVA) and 
response surface modelling (RSM) were carried out using Minitab (version 18), based on 
the peak response of PAHs to investigate the impact from the smoke generation 
conditions. The graphical response surface models were also constructed (Mirhosseini & 
Tan, 2009). 
7.3 Results and Discussion 
7.3.1 Impact of smoke generation factors on PAHs 
To simplify the RSM model, terms that were not statistically significant (p-value > 0.05) 
were removed from the initial models unless their quadratic and/or interaction effect was 
statistically significant (Mirhosseini & Tan, 2009). Using the transformation function of 
Minitab, the dependent variable (Y) was Box-Cox transformed to y with optimal power 
(λ) because the residual was not normally distributed (Zhang & Yang, 2017), which also 
enabled a better fit (Lin, Jean, & Chou, 2006). For the purposes of data processing, (Y+1) 
was used for benzo(b)fluoranthene and benzo(k)fluoranthene that were undetected in 
smoke generated below 350 °C, indeno(1,2,3-c,d)pyrene and benzo(g,h,i)perylene that 
were undetected in smoke generated below 350 °C except the combination: 350 °C under 
150 mL/min nitrogen with 8% of wood moisture. Similarly with the data processing in 
Section 6.3.4, the transformation of dependent variables was carried out based on 
following equation:  
 =                                                                                                                         Equation 7.1 
Table 7.2 lists the regression coefficients along with corresponding R2, lack-of-fit and p-
values of the reduced models that explained the variation of the peak response of detected 
PAHs as affected by four selected smoke generation conditions. Regression models for 
all compounds showed relatively high correlation coefficients (R2 ≥ 0.9, except 
benzo(a)pyrene with 0.67) and low absolute average deviation (0.45% - 11.89%), 
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indicating a good model fit (Yolmeh & Jafari, 2017). High F-values (≥ 16) and very low 
probability levels of all F-values also support the model adequacy (Thompson, 1982). It 
should be noted that dibenzo(a,h)anthracene was not included in the response surface 
modelling because it was only observed at 500 °C (3 out of 90 samples). Therefore, it 
was not reasonable to calculate an RSM due to the lack of data.   
Significant lack-of-fit (p-value < 0.05) was observed for models of benzo(b)fluoranthene, 
and benzo(k)fluoranthene, indeno(1,2,3-c,d)pyrene and benzo(g,h,i)perylene. This could 
be explained by the fact that not all appropriate functions of independent variables were 
considered when establishing the model (Box & Draper, 1987). However, researchers 
claimed that a model with a significant lack of fit could still provide useful information 
if prepared from a sufficiently large data set (Kittisuban, Ritthiruangdej, & 
Suphantharika, 2014). 
Temperature showed a significant linear effect for the first thirteen PAHs (p-values less 
than 0.001), while the atmosphere (percentage of air in N2), sweep gas flow rate and the 
moisture content of wood powder had a significant effect on levels of fewer PAHs. 
Atmosphere (percentage of air in N2) significantly influenced the levels of naphthalene, 
acenaphthene, acenaphthylene, fluorene, anthrancene, pyrene and benzo(a)anthracene, 
while sweep gas flow rate significantly affected the levels of the first eight PAHs (M.W. 
≤ 202 g/mol) in Table 7.1 and the moisture content of wood powder only significantly 
influenced the detected levels of acenaphthene, acenaphthylene, fluorene, anthracene and 
fluoranthene. 
By contrast, the quadratic effects of these four smoke generation parameters showed a 
significant influence in a PAH-specific manner. For example, the quadratic effect of 
temperature (β1
2) was significant only for naphthalene, fluoranthene, pyrene, 
benzo(a)anthracene, chrysene, benzo(b)fluoranthene, and benzo(k)fluoranthene, 
while the quadratic effect of atmosphere (β2
2) was significant for acenaphthylene, 
fluorene, phenanthrene, anthracene, pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene and benzo(k)fluoranthene. 
A significant interaction of two independent variables suggests that the relationship 
between one independent variable and its response varies with the level of the other 
variable (Lasekan & Abbas, 2011). Compared to the linear and quadratic effects, the 
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interactive effects of selected smoke generation conditions showed a significant impact 
on fewer PAHs. The interactive effect of temperature and atmosphere (β12) showed a 
significant influence on naphthalene, fluorene, phenanthrene, anthracene, pyrene, 
benzo(a)anthracene and chrysene, while no significant interactive effect was observed 
from atmosphere and moisture content (β24), and sweep gas flow rate and moisture 
content (β34) for any PAHs. 
According to the F ratios (Table 7.3) that were used to determine the significance of each 
term, among the four smoke generation parameters, temperature had the largest 
significant effect upon the levels of all PAHs, whereas the other factors showed an impact 
in a PAH-specific manner.
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Naphthalene Acenaphthene Acenaphthylene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene 
 λ 0.215126 0.083265 0.190878 0.245546 -0.203645 0.027673 0.094283 0.109167 
 β0 -1.380000 0.542600 -3.176000 -19.410000 0.198270 0.943200 1.99900 1.477000 
linear β1 -0.005000*** 0.005021*** 0.032623*** 0.132110*** -0.000313*** 0.001125*** -0.002557*** 0.000690*** 
 β2 0.120000*** -0.000821** -0.023460*** -0.003900*** -0.000110# 0.000029*** -- 0.000380** 
 β3 0.051800*** 0.002256** 0.009000*** 0.033400*** 0.000027* 0.000241** 0.002300* -0.000498* 
 β4 -- 0.022410* 0.099400* -0.084000* -- 0.001920* 0.012640* 0.030700# 
quadratic β12 0.000154*** -- -- -- -- -- 0.000010*** 0.000012*** 
 β22 -- -- 0.000140* 0.000616** -0.000002* 0.000004* -- 0.000043* 
 β32 -- -0.000009*** -0.000041*   -- -0.000009** -- 
 β42 -- -0.001648*** -0.007850**   -0.000153** -0.001026* -- 
interactive β12 -0.000280*** -- -- -0.000251** 0.000001* -0.000002** -- -0.000017* 
 β13 -0.000147*** -- -- -0.000126**  -0.000001* --  
 β14 -- -- -- -- -- -- -- -0.000094* 
 β23 -0.000250* -- -- -- -- -- -- -- 
 β24 -- -- -- -- -- -- -- -- 
 β34 -- -- -- -- -- -- -- -- 
 R2 0.9705 0.9794 0.9774 0.9756 0.9463 0.9843 0.9658 0.9763 




0.340 0.126 0.052 0.045 0.057 0.072 0.072 0.382 
 F-value 162.04 254.79 213.67 197.34 296.24 285.45 151.37 188.18 
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Table 7.2 Regression coefficients, R2 and lack of fit for the final reduced models for PAHs (continued). 
Regression 
coefficient 
Benzo(a)anthracene Chrysene Benzo(b)fluoranthene Benzo(k)fluoranthene Benzo(a)pyrene Indeno(1,2,3-c,d)pyrene Benzo(g,h,i)perylene 
λ -0.036463 -0.198148 0.153290 0.119431 0.042810 0.108226 -0.116215 
β0 0.764800 0.379800 -5.963000 -4.923000 1.242400 4.846000 -0.502000 
β1 0.000721*** -0.000138*** 0.023710*** 0.022670*** 0.000501*** -0.024130*** 0.009090*** 
β2 0.000027** -0.000074# 0.014450# 0.013860# -- -0.025770*** 0.015080*** 
β3 -- -0.000219# 0.016550# 0.012820# -- -- -- 
β4 -- 0.000600* 0.137700# 0.100500# -- -- -- 
β12 -0.000002*** -0.000001*** -0.000013** -0.000020*** -- 0.000044*** -0.000018*** 
β22 -0.000005** -0.000006*** -0.000162*** -0.000147*** -- 0.000221*** -0.000131*** 
β32 -- -- -0.000056*** -0.000043*** -- -- -- 
β42 -- -- -0.008730*** -0.006390*** -- -- -- 
β12 0.000002* 0.000002** -- -- -- -- -- 
β13 -- 0.000001* -- -- -- -- -- 
β14 -- -- -- -- -- -- -- 
β23 -- -- -- -- -- -- -- 
β24 -- -- -- -- -- -- -- 
β34 -- -- -- -- -- -- -- 
R2 0.9594 0.9709 0.9703 0.9608 0.6674 0.9362 0.8779 
AAD§ 0.89 2.89 6.59 5.53 1.42 8.24 11.89 
lack-of-fit 
(p-value) 
0.280 0.601 0.002 0.002 0.157 < 0.0001 < 0.0001 
F-value 397.27 152.12 148.80 111.72 26.84 155.98 49.65 
p-value of F < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
β1, temperature; β2, atmosphere; β3, sweep gas flow rate; β4, moisture content of wood powder 
∗, significant at p ≤ 0.05; ∗∗, significant at p ≤ 0.01; ∗∗∗, significant at p ≤ 0.001. 
#, not significant 
§, Absolute average deviation, % 
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Table 7.3 F-ratio of variables in final reduced models for PAHs. 
Item Naphthalene Acenaphthene Acenaphthylene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene 
β1 F-ratio 2223.79 3423.55 3095.43 2859.15 1463.7 4467.65 1920.91 2726.57 
β2 F-ratio 13.23 10.16 29.05 28.89 0.11 16.04 -- 8.87 
β3 F-ratio 32.55 6.9 14.37 14.45 6.26 10.12 3.29 5.68 
β4 F-ratio -- 6.02 5.67 5.67 -- 4.32 3.75 0.78 
β12 F-ratio 79.96 -- -- -- -- -- 62.79 46.88 
β22 F-ratio -- -- 4.6 8.93 5.24 8.67 -- 7.66 
β32 F-ratio -- 13.37 6.37 -- -- -- 8.92 -- 
β42 F-ratio -- 19.89 9.51 -- -- 6.89 5.19 -- 
β12 F-ratio 16.31 -- -- 7.44 5.88 7.38 -- 6.06 
β13 F-ratio 17.98 -- -- 7.49 -- 6.95 -- -- 
β14 F-ratio -- -- -- -- -- -- -- 4.87 
β23 F-ratio 5.79 -- -- -- -- -- -- -- 
β24 F-ratio -- -- -- -- -- -- -- -- 
β34 F-ratio -- -- -- -- -- -- -- -- 
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Table 7.3 F-ratio of variables in final reduced models for PAHs (continued). 




β1 F-ratio 1828.99 2346.29 2109.24 1483.71 141.83 155.98 49.65 
β2 F-ratio 10 0.28 3.48 1.46 -- 101.54 77.92 
β3 F-ratio -- 2.88 0.05 < 0.0001 -- -- -- 
β4 F-ratio -- 5.31 0.11 0.16 -- -- -- 
β12 F-ratio 138.06 38.38 10.68 44.67 -- 258.76 91.67 
β22 F-ratio 9.71 13.32 20.62 31.34 -- 80.15 63.59 
β32 F-ratio -- -- 38.62 42.43 -- -- -- 
β42 F-ratio -- -- 39.08 38.82 -- -- -- 
β12 F-ratio 5.96 7.56 -- -- -- -- -- 
β13 F-ratio -- 4.57 -- -- -- -- -- 
β14 F-ratio -- -- -- -- -- -- -- 
β23 F-ratio -- -- -- -- -- -- -- 
β24 F-ratio -- -- -- -- -- -- -- 
β34 F-ratio -- -- -- -- -- -- -- 
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To simplify the data interpretation, eight representative response surface plots are 
presented that show the trends associated with the formation of the PAHs due to the 
different process variables. For example, fluorene, pyrene and chrysene showed similar 
response surface trends for all variables. Therefore, only plots of chrysene are presented 
as representative response surfaces. For every 3-dimensional response surface plot of 
each pair of independent variables, the other variables were held at the centre levels. For 
instance, sweep gas flow rate and moisture content of wood powder were set as 150 
mL/min and 8% when constructing the plot of temperature and atmosphere (percentage 
of air in N2), and vice versa. It should be noted that the prediction at the corners of each 
plot, namely with the extreme levels of independent variables in the design, might be 
unreliable as they were constructed based on only three treatments. The response surface 
for benzo(a)pyrene was not plotted as temperature was the only variable that showed a 
significant impact on its detected level. Thus, an interval plot from one-way ANOVA at 
95% confidence level was presented to better visualise the temperature effect (Figure 
7.1). The level of benzo(a)pyrene significantly increased as the bed temperature of the 
wood powder was increased from 200 °C to 500 °C, which was in agreement with 
published work (Torikai et al., 2004). A Tukey pairwise comparison showed that the 
benzo(a)pyrene levels were statistically different among every pair of temperature 
conditions except the pair of 200 °C and 275 °C (p-values ≤ 0.0001).  
 
Figure 7.1 Interval plot of benzo(a)pyrene versus Temperature from one-way 
ANOVA. Different letters suggest statistical difference with significance 



















Interval Plot of Benzo(a)pyrene vs Temperature
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Figure 7.2 shows the interactive impact of each pair of temperature, atmosphere 
(percentage of air in N2) and sweep gas flow rate upon the detected level of naphthalene. 
Moisture content of wood powder was omitted from the modelling as it induced no 
significant (p > 0.05) linear, quadratic or interactive effect. The results revealed that an 
increase in naphthalene response was observed when the temperature was increased from 
200 °C to 500 °C, whereas a reverse trend occurred with sweep gas flow rate. It was 
noteworthy that the rate of increase in naphthalene was accelerated as the temperature 
was increased (Figure 7.2 a and b). For example, when all factors except temperature 
were set at the centre levels, the ratio of peak response of naphthalene at 200 °C, 350 °C 
and 500 °C was 1: 7: 143, respectively. The level of detected naphthalene decreased as 
the level of percentage of air in N2 was increased, or in other words the higher the oxygen 
level, the lower the level of detected naphthalene. This effect was enhanced when the 
sweep gas flow rate was 250 mL/min. Published work has claimed that light PAHs such 
as naphthalene and phenanthrene are almost entirely captured by adsorbents, but not glass 
fibre (Liu et al., 2001), which was in contradiction with the observations in our study. 
Possibly this discrepancy was because of the different apparatus designs used in these 
studies. In the current study, the temperature of the sampling port was at room 
temperature (~20 °C) while much higher temperatures (650 °C - 700 °C) were applied in 
the research of Liu and co-workers. In addition, there was no phase separation of smoke; 
instead, the aerosol containing solid particles and liquid droplets were captured by the 
inline glass fibre. Whereas, in the previously published study, smoke was separated into 
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(a) Interactive effect of temperature and atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and sweep gas flow rate 
 
(c) Interactive effect of atmosphere (percentage of air in N2)  and sweep gas flow rate 
 
Figure 7.2 Response surface plots on the peak response of naphthalene. 
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Figure 7.3 shows the trend of changes in acenaphthene response (also representative for 
acenaphthylene) as a function of smoke generation conditions. The acenaphthene and 
acenaphthylene response were elevated when the smoke generation temperature was 
increased from 200 °C to 500 °C, while the levels decreased as the proportion of air was 
increased, which indicates that they are easily oxidised. Similar to the observation of how 
temperature influenced naphthalene, the rate of increase of acenaphthene and 
acenaphthylene peak response accelerated as temperature increased (Figure 7.3-a, -b, 
and -c). With temperature and atmosphere (percentage of air in N2) at central levels, the 
peak response of acenaphthene and acenaphthylene increased as the sweep gas flow rate 
and wood moisture content were increased to a max at 131 mL/min and 7%, 109 mL/min 
and 6%, respectively, and then decreased as these variables were increased further. 
Figure 7.4 shows how the response of fluorene (also representative for pyrene) changes 
as a function of smoke generation conditions. The response of fluorene and pyrene was 
increased as the temperature was increased over the experimental range. However, the 
response was decreased when the levels of other variables were increased. The moisture 
content of wood powder showed no significant linear effect upon pyrene. However, it 
was kept in the modelling as its interaction with applied temperature significantly 
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(a) Interactive effect of temperature and 
atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and 
sweep gas flow rate 
 
(c) Interactive effect of temperature and 
moisture content of wood powder 
 
(d) Interactive effect of atmosphere 
(percentage of air in N2) and sweep 
gas flow rate 
 
(e) Interactive effect of atmosphere 
(percentage of air in N2) and moisture 
content of wood powder 
 
(f) Interactive effect of sweep gas flow 
rate and moisture content 
  
Figure 7.3 Response surface plots on the peak response of Acenaphthene. 
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(a) Interactive effect of temperature and 
atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and 
sweep gas flow rate 
 
(c) Interactive effect of temperature and 
moisture content of wood powder 
 
(d) Interactive effect of atmosphere 
(percentage of air in N2) and sweep 
gas flow rate 
 
(e) Interactive effect of atmosphere 
(percentage of air in N2) and moisture 
content of wood powder 
 
(f) Interactive effect of sweep gas flow 
rate and moisture content 
 
Figure 7.4 Response surface on the peak response plots of fluorene. 
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Similar to naphthalene, phenanthrene was not significantly affected by moisture content 
of the wood powder. Therefore, it was removed from the reduced model (Figure 7.5). 
Within the experimental region, higher temperature promoted the formation of 
phenanthrene with only slight increase below ~350 °C regardless of the applied 
atmosphere (Figure 7.5-a), while  the peak response decreased as the sweep gas flow 
rate was increased.  
Figure 7.6 showed the response surface plots of anthracene against the four smoke 
generation conditions. Similar to acenaphthene and acenaphthylene, anthracene response 
was elevated as the temperature increased while decreased as the atmosphere (percentage 
of air in N2) and sweep gas flow rate increased. Therefore, within the experimental 
region, the highest anthracene response was observed at 500 °C under 50 mL/min 
nitrogen flow. Slight increase was predicted when temperature was below ~350 °C 
regardless of the levels of the other three factors. A sharp increase of anthracene peak 
response was modelled as the temperature was increased to 500 °C. The peak response 
of anthracene increased as the wood moisture content was increased to a max at 6% with 
all other independent variables at central levels, and then decreased as moisture content 
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(a) Interactive effect of temperature and atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and sweep gas flow rate 
 
(c) Interactive effect of atmosphere (percentage of air in N2) and sweep gas flow rate 
 
Figure 7.5 Response surface plots on the peak response of phenanthrene. 
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(a) Interactive effect of temperature and 
atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and 
sweep gas flow rate 
 
(c) Interactive effect of temperature and 
moisture content of wood powder 
 
(d) Interactive effect of atmosphere 
(percentage of air in N2) and sweep 
gas flow rate 
 
(e) Interactive effect of atmosphere 
(percentage of air in N2) and moisture 
content of wood powder 
 
(f) Interactive effect of sweep gas flow 
rate and moisture content 
 
Figure 7.6 Response surface plots on the peak response of anthracene. 
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Figure 7.7 showed the response surface plot of fluoranthene as influenced by the smoke 
generation conditions without atmosphere (percentage of air in N2) that was excluded 
due to its non-significant effect. Higher fluoranthene peak response was predicted as the 
temperature was increased. The peak response of fluoranthene increased as the sweep 
gas flow rate and wood moisture content was increased to a maximum at 133 mL/min 
and 6% with temperature at the central level, and then decreased as these dependent 
variables were increased further.   
Figure 7.8 showed the effects of smoke generation conditions on chrysene, among which 
atmosphere and sweep gas flow rate exerted no significant linear effects but significant 
interactive effects with temperature. The peak response of chrysene was increased as the 
functions of interaction from temperature with atmosphere (percentage of air in N2) and 
sweep gas flow rate (Table 7.2). In view of the effect from applied temperature, chrysene 
response increased slightly from 200 °C to 425 °C, but a sharp increase of chrysene 
response was observed when the temperature was increased to 500 °C (20-fold higher 
than that under 425 °C). The increasing moisture content of the wood powder showed a 
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(a) Interactive effect of temperature and sweep gas flow rate 
 
(b) Interactive effect of temperature and moisture content 
 
(c) Interactive effect of sweep gas flow rate and moisture content of wood powder 
 
Figure 7.7 Response surface plots on the peak response of fluoranthene. 
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(a) Interactive effect of temperature and 
atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and 
sweep gas flow rate 
 
(c) Interactive effect of temperature and 
moisture content of wood powder 
 
(d) Interactive effect of atmosphere 
(percentage of air in N2) and sweep 
gas flow rate 
 
(e) Interactive effect of atmosphere 
(percentage of air in N2) and moisture 
content of wood powder 
 
(f) Interactive effect of sweep gas flow 
rate and moisture content 
 
Figure 7.8 Response surface plots on the peak response of chrysene. 
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Figure 7.9 shows the trends of changes in benzo(k)fluoranthene (also representative for 
benzo(b)fluoranthene) as influenced by smoke generation conditions, among which 
temperature showed significant linear and quadratic effects while the others exhibited 
significant quadratic effects only (Table 7.2). As shown in the surface plots, higher peak 
response levels were predicted at higher smoke generation temperatures. The peak 
response of benzo(k)fluoranthene and benzo(b)fluoranthene decreased as the functions 
of the quadratic effects of all four independent variables with negative signs (Table 7.2). 
It should be noted that these two PAHs remained undetected in kānuka smoke samples 
that were generated below 350 °C, regardless of the levels of the other variables.  
The impact of smoke generation conditions on the detected level of indeno(1,2,3-
c,d)pyrene is shown in Figure 7.10 (also representative for benzo(a)anthracene and 
benzo(g,h,i)perylene) as influenced by smoke generation. On this occasion, only 
temperature and atmosphere (percentage of air in N2) was presented because the other 
factors did not show any significant effects (either linear, quadratic or interactive effects). 
Similar with the aforementioned PAHs, the peak response of indeno(1,2,3-c,d)pyrene, 
benzo(a)anthracene and benzo(g,h,i)perylene was elevated by increasing the 
temperature. By contrast, the peak response of indeno(1,2,3-c,d)pyrene and 
benzo(g,h,i)perylene decreased as the percentage of air in N2 was increased to a minimum 
at 58%, 64% and 58% with temperature at 350 °C, respectively, and then increased as 
the ratio was increased further.  It was noteworthy that when the temperature was below 
425 °C, these three PAHs were nearly undetected while a sharp increase of its level was 
predicted when the temperature was increased to 500 °C under nitrogen. For example, 
the peak response of indeno(1,2,3-c,d)pyrene at 500 °C was 16-fold higher than that 
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(a) Interactive effect of temperature and 
atmosphere (percentage of air in N2) 
 
(b) Interactive effect of temperature and 
sweep gas flow rate 
 
(c) Interactive effect of temperature and 
moisture content of wood powder 
 
(d) Interactive effect of atmosphere 
(percentage of air in N2) and sweep 
gas flow rate 
 
(e) Interactive effect of atmosphere 
(percentage of air in N2) and moisture 
content of wood powder 
 
(f) Interactive effect of sweep gas flow 
rate and moisture content 
 
Figure 7.9 Response surface plots on the peak response of benzo(k)fluoranthene. 
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Figure 7.10 Response surface plots on the peak response of Indeno(1,2,3-c,d)pyrene. 
In summary, the increasing smoke generation temperature showed the largest effect 
among the experimental variables and increased the yield of all detected PAHs, while the 
other smoke generation parameters exhibited various impacts in a PAH-specific manner. 
It was predicted that higher temperature over the experimental conditions would increase 
the levels of PAHs because higher temperatures favour the process of carbonisation and 
aromatisation. As the temperature approaches 500 °C a different PAH formation pathway 
has been proposed involving fusion of radicals into light PAHs (e.g. naphthalene) and 
then condensation of these into heavy PAHs (Wang et al., 2017). This is supported by 
other researchers’ work (McGrath, Sharma, & Hajaligol, 2001). More importantly, by 
inspecting all of the RSM plots with temperature as the changing variable and others 
factors as fixed variables, only low levels of PAHs with slow increases were determined 
as the temperature was increased up to ~350 °C for all detected PAHs, except 
dibenzo(a,h)anthracene that was only detected in smoke samples generated at 500 °C. 
Thus, the observation for dibenzo(a,h)anthracene also suggests a significant effect from 
temperature. It was reported that quantitative amount of PAHs was linearly related to the 
smoking temperature in the range 400 °C - 1000 °C (Cirillo et al., 2004). However, the 
results from the current study suggested an increasing slope as the temperature was 
increased within 200 °C - 500 °C. This difference might be due to the different 
temperature range. Given the results that the highest levels of most detected VOCs in 
kānuka smoke appeared to be at ~380 °C according to the PCA plots in Section 4.3.2 of 
Chapter 4, the smoke generation process could be operated within this temperature range 
in order to minimise the formation of PAHs.  
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In terms of the significant impact from the atmosphere (percentage of air in N2), no 
oxygen (i.e. smoke generation under 100% N2) increased the formation of naphthalene, 
acenaphthene, acenaphthylene, fluorene, anthracene, and pyrene, which is in accordance 
with published studies (McGrath, Chan, & Hajaligol, 2003). In contrast, the maximum 
levels of benzo(a)anthracene, indeno(1,2,3-c,d)pyrene and benzo(g,h,i)perylene were 
predicted with the presence of oxygen at different percentage of air in N2. It has been 
previously claimed that the addition of oxygen leads to two competing effects, namely, 
it promotes the formation of pyrolysis products by increasing free radicals and it breaks 
down pyrolysis products by oxidation reactions (Thomas & Wornat, 2008). The impact 
of atmosphere (percentage of air in N2) on PAHs reflected which of these reactions was 
dominant. It was interesting to note that the sweep gas flow rate showed significant linear 
effects only upon the relatively light PAHs (molecular weight ≤ 202 g/mol). Convex 
curves were predicted for acenaphthene, acenaphthylene and fluoranthene as the sweep 
gas flow rate was increased, while mono-directional curves for the other PAHs, which is 
likely to relate to the competing effects of increased oxidation and reduced residence time 
for reaction as the sweep gas flow rate was increased. Similar to atmosphere (percentage 
of air in N2) and sweep gas flow rate, higher peak response of fluorene and chysene was 
predicted with lower wood moisture content, while convex response surfaces were 
modelled for acenaphthene, acenaphthylene, anthracene and fluoranthene. 
7.4 Conclusions 
The relationship between the detected level of PAHs and selected smoke generation 
conditions were investigated via RSM. The results showed that among the four selected 
smoke generation parameters, temperature was the dominant factor that had the greatest 
influence upon all the 16 priority PAHs assigned by the U.S. Environmental Protection 
Agency (EPA), although dibenzo(a,h)anthracene was only detected in smoke generated 
at 500 °C. In contrast, the moisture content of wood powder exhibited the lowest impact. 
The importance of atmosphere or sweep gas flow rate varied in a PAH-specific way. 
When the temperature was 350 °C or lower, relatively low levels with only slight 
increases of PAHs were predicted by the constructed statistical models for all detected 
PAHs except dibenzo(a,h)anthracene. These results provide basic information for future 
studies on how to diminish the risks from PAHs while enabling the formation of the 
flavour compounds during smoke generation. 
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8.1 General discussion 
The increasing consumption of smoked foodstuffs creates export opportunities for the 
New Zealand food industry. Currently, smoking is an artisan process relying on 
experience gained through trial and error to improve product quality. However, this 
approach does not allow companies to easily scale processes, change sensory 
characteristics of their smoke, or change smoke composition to meet emerging food 
safety or product quality concerns. To overcome these limitations, it is important to apply 
a systematic approach that allows a fundamental understanding of smoke generation. 
Despite the widespread application of kānuka wood smoke in the New Zealand food 
industry, a lack of published data exists on its VOC composition and the odour 
compounds that contribute to its flavour profile. More importantly, there is very little 
research focusing on how to tailor flavour character while minimising the levels of PAHs 
by manipulating the smoke generation conditions. 
This project aimed to characterise the VOC composition, odour-active compounds and 
PAHs generated in kānuka wood smoke as a function of smoke generation conditions. 
This will provide the knowledge to manipulate the levels of targeted odour-active 
compounds, while maintaining PAHs at relatively low levels. To achieve this goal, three 
main steps were performed:  
1) A laboratory-scale smoke generator was developed where the smoke could be 
generated and collected in a controllable, reproducible manner. Preliminary investigation 
revealed the significant impact of temperature and atmosphere on the levels of VOCs 
detected in smoke, demonstrating that different VOC profiles and levels of PAHs could 
be obtained. 
2) GC-MS/O was conducted with a trained panel (n=6) to identify the odour-active 
compounds present in the gas phase of kānuka wood smoke. Sixty-two odour regions 
were determined and the compounds responsible tentatively identified. The dominant 
odour-active regions with the highest modified detection frequency % (MF%) could be 
compared for different smoke generation conditions. This study also identified the target 
odour-active compounds for the subsequent systematic study of odour-active compound 
generation under different smoke generation conditions. 
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3) Using response surface modelling (RSM), the impact of the smoke generation 
conditions (temperature, atmosphere (percentage of air in N2), sweep gas flow rate and 
moisture content of wood powder) was investigated on selected odour-active compounds 
and the levels of PAHs were investigated. This data allowed the prediction of the smoke 
generation conditions for maximum values of selected odour-active compounds, which 
were then verified in a further experiment.   
Five specific experimental studies (Chapter 3-7) were conducted to fulfil the research 
goal. The specific objective of Chapter 3 was to develop a laboratory-scale smoker, 
aiming to produce reproducible smoke under controlled temperature and atmosphere, and 
collect VOCs in the gas phase by inline sampling with SBSE stir bars. The monitoring 
of the bed temperature in the smoking vessel showed that the temperature was stable 
throughout the smoke sampling duration after a short equilibration period (2~3 min). An 
inevitable initial temperature drop was observed due to the introduction of room 
temperature wood powder into the smoking vessel, evaporative cooling due to the 
moisture and the endothermic process of the initial pyrolysis reactions (Yang et al., 
2007). The fluctuation was minimised and as much as possible standardised across all 
smoke conditions by adjusting the power of hotplate after sample introduction. The 
heating period was investigated and 20 min was found to be long enough to reach a 
constant concentration of VOCs and completion of smoke generation. The heating rate 
has previously been found to influence the chemical composition of smoke 
(Milosavljevic & Suuberg, 1995), however, this parameter was not considered in this 
study, as the strategy was to generate smoke at a fixed temperature by pre-heating the 
smoking vessel rather than using a ramped temperature program. SBSE stir bars were 
employed to capture VOCs in the gas phase of smoke with direct, inline sampling. To 
the author’s best knowledge, this technique was the first report of real-time sampling of 
VOCs for wood smoke generation. The characterisation of the laboratory-scale smoker 
by generating smoke under controlled temperature and atmosphere conditions 
demonstrated the capability of the smoker to produce smoke with different VOC profiles. 
With the laboratory-scale smoke generator, Chapter 4 primarily investigated the impact 
of temperature (180 °C, 280 °C, 380 °C and 480 °C) supplying either air (21% oxygen) 
and nitrogen (to exclude oxygen) on the formation of VOCs in kānuka wood smoke, and 
provided boundary information of temperature and atmosphere to inform the 
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experimental design for systematic investigation in Chapter 6. Experimental findings 
showed that more than ninety percent of detected chemical compounds (308 in total) 
were significantly influenced by temperature and/or atmosphere. Among the chemical 
classes in the gas phase of kānuka wood smoke, the majority were phenolic compounds, 
followed by ketones and aldehydes, which was in agreement with literature investigating 
other hardwood species such as oak (Hassan, Abou-Yousef, Steele, & El-Giar, 2016) and 
beech (González Martínez, Ohra-aho, da Silva Perez, Tamminen, & Dupont, 2019). In 
kānuka wood smoke from eight treatments, the most abundant individual compound were 
furfural at 180 °C, and cis-isoeugenol at 280 °C, 380 °C and 480 °C, regardless of air or 
nitrogen atmosphere. Temperature had a greater effect than atmosphere on the formation 
of VOCs from the thermal decomposition of kānuka wood powder. PCA (principal 
component analysis) revealed that all identified phenolic compounds were associated 
with the higher temperature conditions (380 °C and 480 °C), meaning higher 
temperatures within the experimental range promoted their formation. This is in 
accordance with the literature findings, where the highest level of phenols occurred 
around 350 °C (Murwanashyaka et al., 2001). This observation was expected as phenols 
are more likely derived from lignin that has a broader range of decomposition 
temperatures than cellulose and hemicellulose (Qu et al., 2011). By contrast, higher levels 
of most of the identified aldehydes were found to occur at relatively low temperature 
(180 °C and 280 °C). For example, 5-methyl-2-furancarboxaldehyde is thought to 
originate from hemicellulose, which is less thermally stable than lignin and cellulose and 
thus generates higher levels of compounds at temperatures less than about 300 °C (Yang 
et al., 2007). As the chemical class with the second highest number of compounds, 
ketones response varied in a compound specific manner under different smoke generation 
conditions that was a function of their origin and the resistance of the precursors to 
thermal degradation. For instance, differences in the thermal decomposition temperatures 
of cellulose and lignin meant that the maximum peak response for 1-(2-furanyl)-ethanone 
and butyrovanillone (1-(4-hydroxy-3-methoxyphenyl)-butan-1-one) occurred at 280 °C 
and 480 °C, respectively (Duan et al., 2018; Simoneit et al., 1999). Butyrovanillone is 
reportedly derived from the oxidation of α-hydroxyl in β-O-4 structure present in lignin, 
which proceeds faster at higher temperatures (Shi et al., 2019). The significant 
differences in the levels of VOCs between smoke generation conditions provided 
evidence that VOC levels could be manipulated by varying these conditions. Because 
maximum peak responses were achieved for most VOCs at 380 °C within the range 
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investigated, this demonstrated that the temperature range (180 °C - 480 °C) was suitable 
to use in subsequent studies (Figure 4.1). These were in agreement with the common 
smoke generation temperature range (300 °C - 400 °C) used in the food industry. The 
study in Chapter 4 provided boundary information covering bed temperature and 
atmosphere to develop the full experimental design in Chapter 6 to enable a systematic 
investigation of conditions using response surface modelling. To avoid monitoring more 
than three-hundred VOCs (308 VOCs detected) in future studies and to ensure the focus 
was on odour-active compounds making a major contribution to smoke odour, a GC-
MS/O study was carried out in Chapter 5. 
Chapter 5 identified the odour-active compounds present in kānuka smoke by GC-MS/O 
using a trained panel composed of six assessors. Four combinations of smoke generation 
parameters were used to generate smoke samples that represent a broad range of 
conditions. In this way, the study both minimises the risk of missing key odour-active 
compounds and allows the investigation of the differences in the odorant profiles of 
different smoke samples. Sixty-two odour-active regions were found that had a modified 
detection frequency greater than 50% (Equation 5.1) in at least one treatment. These 
formed the major contributors to the odour profile of kānuka smoke (Table 5.2). Other 
compounds could make a contribution to the odour profile, but they were less important 
and detected less frequently or consistently by the panel. In agreement with the VOC 
profile of the kānuka smoke gas phase, phenolic compounds formed the largest 
proportion of odour-active compounds, followed by ketones. Guaiacol (and derivatives), 
vanillin and 4,4a,5,6,7,8-hexahydro-1-methoxy-2(3H)-naphthalenone were the odour-
active compounds with the highest MF% values (Table 5.3), which suggests higher 
odour importance of these compounds. Twenty-nine odour-active compounds differed 
between treatments (Table 5.4), demonstrating the possibility of achieving different 
odour profiles by varying smoke generation conditions. In general, at 350 °C, higher 
levels of the odour-active compounds with relatively high MF% (Table 5.3), such as 
guaiacol, were generated. In contrast, 500 °C yielded a greater number of compounds 
and higher levels of odour-active compounds that differentiated the smoke generation 
treatments (Table 5.4), such as 2-allyl-4-methylphenol that was only perceived in smoke 
at 500 °C. This observation was supported by literature (Mu et al., 2013) where the 
formation of non-methoxy phenols was reported to be increased as temperature was 
increased, whereas the methoxy-containing phenols decreased at temperatures greater 
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than 500 °C (Lou, Wu, Lv, et al., 2010). Overall, these results indicate that kānuka smoke 
generated at 350 °C had a more intense flavour character, whereas 500 °C produced a 
more distinct kānuka smoke than other selected temperature conditions. This study 
illustrated the odour profile of kānuka smoke for the first time. From this study, 
representative odour-active compounds were selected for use in a systematic 
investigation of the influence of smoke generation parameters on odour character of 
smoke (Chapter 6). 
In Chapter 6 and Chapter 7, using a response surface methodology, a central composite 
design was constructed to systematically investigate the impact of four smoke generation 
variables (temperature, atmosphere (percentage of air in N2), sweep gas flow rate and 
moisture content of wood powder) upon the levels of six selected odour-active 
compounds and PAHs, respectively. Based on the findings from Chapter 4, the 
temperature range was set from 200 °C to 500 °C, and atmosphere was set 0% to 100% 
of air in nitrogen, to provide an atmosphere containing between 0% and 21% of oxygen. 
The control of atmosphere primarily focused on the control of the oxygen content (0% - 
21%), which was achieved by introducing mixtures of air and nitrogen at different ratios 
to the smoking vessel. Normally, industrial smokers are not operated under nitrogen due 
to cost constraints. However, in this experimental design, nitrogen was used to enable 
oxygen levels to be manipulated in the laboratory-scale smoking apparatus. In Chapter 
6, more than two-hundred VOCs were detected in the gas phase of kānuka smoke, slightly 
less than that found in Chapter 4 due to the use of a split injection mode to improve the 
quality of the chromatography. In general, of all smoke generation parameters, changes 
in temperature changed the peak response by the largest amount, while moisture content 
of wood powder had the least impact. Response surface models could potentially be fitted 
for every odour-active compound detected that contributes to the flavour character of 
kānuka smoke and prediction of the combination of four independent variables that result 
in maximum generation. However, RSM analyses were only prepared for selected odour 
compounds using the GC-MS/O results as a screening tool to identify the compounds 
with the highest odour responses generated by the panel. For instance, the maximum peak 
response of guaiacol could be generated under the combination of 355 °C, nitrogen, 50 
mL/min sweep gas, regardless moisture content of wood powder. In contrast, to obtain 
the highest peak response of vanillin, the combination was predicted to be 500 °C, air, 
250 mL/min and 0% moisture content of wood powder (Table 6.6). Unsurprisingly, 
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different combinations of smoke generation parameters result in the maximum peak 
response of different odour-active compounds because they originate from different 
wood components, have different reaction kinetics, and/or are either primary or 
secondary reaction products. This study enabled the statistical prediction of the VOC 
profiles under a range of specified conditions and corresponded to the odour profile given 
in Chapter 5. 
In Chapter 7, experimental findings showed that of all input variables of the RSM, 
changing the temperature had the greatest effect on the levels of PAHs formed. As the 
temperature was increased, the levels of measured PAHs increased, once they had 
exceeded their analytical detection limit. When the temperature was set below 350 °C, 
concentrations of all the 16 priority PAHs assigned by the U.S. Environmental Protection 
Agency (EPA)were low or below the detection limit with only slight increase with 
temperature regardless of levels of other smoke generation parameters. Once a critical 
temperature was exceeded for each PAH, the rate of increase of the curve increased 
sharply with increasing temperature. Dibenzo(a,h)anthracene was only detected in smoke 
generated at 500 °C. This observation is supported by literature, where the researchers 
investigated the relationship between tobacco pyrolysis conditions and PAH formation. 
The authors concluded that the pyrosynthesis radicals to form PAHs did not occur to an 
appreciable level at 350 °C but predominantly happened between 450 °C - 500 °C 
(McGrath et al., 2003; McGrath, Wooten, Chan, & Hajaligol, 2007). The relatively low 
level of PAHs at 350 °C compared with high levels at 500 °C suggests that the secondary 
gas phase reaction occurred resulting in the generation of radicals (e.g. from phenols) led 
to greater PAH formation as the temperature was increased (Norinaga, Deutschmann, 
Saegusa, & Hayashi, 2009; Yan, Bai, Zhao, Li, & Xie, 2015). In contrast, the levels of 
most VOCs and odour-active compounds were higher at temperatures around 350°C 
(Figure 4.1; Chapter 6). Compared to temperature, the moisture content of wood 
powder exhibited the lowest impact and the importance of atmosphere or sweep gas flow 
rate varied in a PAH-specific way. This observation indicates that if higher temperatures 
could be avoided in smoke generators, the levels of odour-active compounds in kānuka 
smoke could be tailored while maintaining relatively low level of PAHs.  
To summarise, a laboratory-scale smoke generator was developed where the smoke could 
be generated and collected in a controllable, reproducible manner (Chapter 3). In Chapter 
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4, it was found that higher concentrations of most detected VOCs were at 380 °C. The 
GC-MS/O study in Chapter 5 suggested that kānuka smoke generated at 350 °C had the 
highest odour intensity for the key odour-active compounds. RSM analysis in Chapter 6 
and 7 indicated that temperature had the largest effect upon the selected odour-active 
compounds and PAHs. It was also found that when the temperature was 350 °C or lower, 
the predicted levels of PAHs were low or below the detection limit, with only a slight 
increase with temperature regardless of levels of other smoke generation parameters. 
These findings answer the key research question of this thesis, which was: can the levels 
of odour-active compounds be manipulated by changing the smoke generation conditions 
while minimising PAHs? The experimental results supported the finding of a smoke 
generation zone: i.e. at temperatures below 350 °C with other smoke generation variables 
flexible, where the levels of odour-active compounds varied significantly, while PAHs 
remained at low levels (Figure 8.1). 
 
Figure 8.1 Smoke generation zones as a function of temperature where levels of 
odour-active compounds and PAHs varied significantly. (Beaumont & 
Schwob, 1984; Jiang et al., 2010; Liaw et al., 2014; Yang et al., 2007; Zhao 
et al., 2017). The position of odour-active compounds corresponds to the 
predicted temperature where maximum concentration can be achieved. 
C: Cellulose; HC: Hemicellulose; L: Lignin. 
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8.2 Limitations and future recommendations 
The results from the thesis have identified the VOCs and odour-active compounds 
present in kānuka smoke generated under a range of commercially relevant conditions, 
the relationship between these conditions and, using response surface methodology, 
provided a prediction tool to determine the maximum generation of specific odour-active 
compounds within the constraints of the experimental design. However, this work does 
have limitations and raises new research questions regarding smoke generation, 
characterisation and manipulation for smoking foods. 
1) The development and characterisation of the laboratory-scale smoker has 
demonstrated the capabilities of SBSE stir bars to inline-sample the VOCs present 
in wood smoke. This direct sampling approach shortens the cycle time of sample 
preparation and avoids the variation derived from further condensation if using 
offline-sampling approaches. However, inline extraction of VOCs with SBSE stir 
bars was highly affected by the volatility and polarity of VOCs, thus 
demonstrating a degree of compound discrimination. In this project, SBSE stir 
bars with PDMS coating phase were selected for nonspecific sorption of VOCs 
in smoke, which might not favour adsorption of compounds with high polarity, 
e.g. levoglucosan. The detected level of levoglucosan was relatively low in the 
current study. For instance, the peak response ratio of guaiacol and levoglucoan 
was 14: 1 at 500 °C with other smoke generation parameters at central levels 
(Table 6.2). In contrast, the peak response ratio of these two compounds was 1: 
5 and 1: 3 from pyrolysis of beech (Fagus sylvatica) and spruce (Fagus sylvatica) 
at 450 °C using pyrolysis-GC-MS with medium polarity column (VF-17ms) 
(Heigenmoser, Liebner, Windeisen, & Richter, 2013). However, in spite of the 
potential low recovery of compounds with high polarity, using SBSE still ensured 
a reasonable extraction and signal response of VOCs from smoke because of the 
higher volume of coating phase compared to SPME (Richter et al., 2017). This 
enabled the changes in VOC levels to be determined as a function of smoke 
generation conditions. For a better understanding of kānuka smoke, a modified 
sampling method, e.g. solvent assisted SBSE (Ochiai, Sasamoto, David, & 
Sandra, 2016) or more polar coating phase polydimethylsiloxane (PDMS) / 
ethylene glycol (EG) might be worthwhile to explore, although the latter is less 
thermally stable and might not be suitable for inline sampling of smoke. A 
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comparison study with analytical pyrolysis (e.g. pyrolysis-GC-MS) would be 
useful (Dong, Zhang, Lu, & Yang, 2012), because pyrolysis-GC-MS transfers all 
thermal decomposition products onto the GC column, which may  allow better 
understanding of the mass balance of compounds and the chemical reactions 
(Meier & Faix, 1992; Rial-Otero et al., 2009). However, inline sampling is more 
representative of what would be transferred to the smokehouse after the majority 
of smoke cooling has occurred and where condensation and fractional distillation 
of compounds occurs so that not all compounds are quantitatively transferred into 
the smokehouse. In addition, it might be interesting to further modify the 
laboratory-scale smoke generator to monitor the oxygen consumption, which 
would be useful for the industry to set the smoke generation conditions. 
2) A limitation of the study was that it did not conduct a comprehensive mass 
balance. However, this was not deemed as important according to the objectives 
of the thesis, because the focus was on VOCs that are generated in the smoke 
generator. Char phase (solid residual) mostly remains in the smoke generation 
house and the light gases (carbon monoxide, carbon dioxide, etc.) are normally 
not retained on or absorbed into the food (Larson & Daniels, 2001). Hence, the 
thesis targets VOCs, some of which contribute to odour and sensory properties, 
and the PAHs. Some of these will be large molecules (e.g. saccharide derivatives), 
which may not be detected in a GC because they are only volatile at temperatures 
above the range of the GC column (Hosoya et al., 2007b). Nevertheless, some of 
these may form aerosols as they condense and may end up depositing on the food, 
and may contribute to sensory properties in an unknown way.  Further studies, 
such as how they coalesce into aerosols and flow into the smokehouse and 
eventually deposit onto the food, or contribute to such sensory profiles are out of 
scope for the current work, but may form the basis of future studies. 
3) This thesis identified the VOC compounds present in kānuka smoke generated 
under various conditions and tentatively identified the major chemical classes and 
odour-active compounds that are likely to contribute to the smoke flavour. 
However, the findings reflected the profiles of kānuka smoke generated for a 
batch of wood over a fixed sampling period, e.g. 20 min after sample introduction 
(Chapter 3). Therefore, there remains a lack of knowledge regarding the kinetics 
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and dynamics of VOC generation over time, where thermal decomposition 
products are not likely to be generated simultaneously. Understanding when 
VOCs are produced under certain generation conditions would be an important 
future research direction to investigate as this information might be useful from 
the perspective of smoking food to achieve desirable flavour while diminishing 
harmful PAHs. In addition, for industrial applications, the smoking process is 
conducted over a much longer timeframe with a continuous supply and 
replacement of the wood feedstock. What the VOC profile delivered to the 
smokehouse is at this commercial scale and how this VOC profile changes over 
time would also be of interest to the food industry.  
4) In this thesis, the detection and identification of VOCs in kānuka smoke by GC-
MS was a major challenge due to the high degree of chemical complexity (high 
number of VOCs) and high concentration range of VOCs in smoke. Spectral 
deconvolution with software PARADISe allowed the detection of more than three 
hundred compounds by helping to overcome compound co-elution and assist the 
peak identification. However, compound identification is still challenging. From 
the standpoint of sample analysis, advanced analytical techniques such as 
multidimensional gas chromatography might be considered to allow 
identification of unidentified compounds (e.g. unidentified odour-active 
compounds) (Liu & Phillips, 1991). In particular, resolving the compounds co-
eluting in odour-active regions detected during GC-O/MS would help elucidate 
the compounds responsible and their impact on odour. In addition, using reference 
standards to assist the peak identification and odour contribution, especially in 
those odour-active regions would be worthwhile (Anton, Suarez Valles, Garcia 
Hevia, & Picinelli Lobo, 2014). 
5) The GC-O analysis of VOCs in kānuka smoke provided the odour activities 
(intensity, detection frequency and descriptor) of individual odour-active regions. 
Further research using sensory evaluation to investigate the application of 
different kānuka smoke onto food products is of great value, as this will be the 
ultimate goal of tuning smoke to cate to the customers. Future research could also 
investigate the deposition and mass transfer of smoke VOCs into food matrices 
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as a function of the smokehouse conditions (e.g. time, temperature, humidity) and 
properties of the food matrix, which was out of the scope of this thesis.  
6) All studies in this thesis were based on a laboratory-scale smoke generator. From 
a perspective of application, it would be valuable to explore the general 
applicability of the RSM results produced in this thesis for commercial 
applications. It would be useful to apply selected smoke generation conditions to 
smokers with larger scale or different generation type, e.g. to determine whether 
smoke generation conditions optimised to favour generation of selected odour-
active compounds (Chapter 6) is repeatable in different smoking systems. 
Therefore, comparison studies between the laboratory-scale smoker and other 
smoking systems and at both pilot and commercial scale should be investigated. 
7) For improved understanding of the influence of feedstock upon the VOC 
composition of wood smoke, it is worthwhile to investigate the VOC generated 
in smoke from different zones of kānuka wood (e.g. bark, sapwood or heartwood), 
as it has been reported that thermal decomposition products varied with wood 
parts even with the same wood species because the distribution of hemicellulose, 
cellulose and lignin differs between different parts of the wood (Jia et al., 2017). 
Although a considerable number of studies have that reported the VOC profiles 
of smoke from various woods share some VOCs with kānuka wood smoke (e.g. 
methoxy- and alkyl- phenols) (Heigenmoser et al., 2013; Kim et al., 2014), it is 
impossible to quantitatively compare the VOC profile from the literature and, 
more importantly, the odour profile. Therefore, it might be worthwhile to 
investigate the uniqueness of kānuka wood smoke by comparing its VOC and 
odour profile with other common wood species, such as oak, beech, hickory, etc. 
using the same methodology of smoke generation and analysis introduced in this 
thesis.  
8) The verification of the constructed models of odour-active compounds and PAHs 
with R2, AAD, lack-of-fit (Table 6.4, Table 7.2) and residual analysis (Appendix 
E.3, F.2) suggested reasonably good adequacy. Verification for models of odour-
active compounds by further experimental trials using the predicted combinations 
of smoke generation parameters also supported the adequacy of these statistical 
predictions (Appendix E.4). However, to get better understanding of the model 
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adequacy, it would be worthwhile to perform further verification with more 
combinations of various smoke generation conditions. The study to conduct a 
more comprehensive validation of the RSM predictions was planned but was 
curtailed due to the Covid-19 pandemic.  
8.3 Conclusions 
In conclusion, this thesis has characterised the VOC and odour-active compounds 
generated during the smoking of kānuka wood. By systematically changing the smoke 
generation conditions in a controlled laboratory-scale smoker, results have demonstrated 
how the odour-active compounds and PAHs could be manipulated.  
To the author’s best knowledge, this is the first use of SBSE stir bars for the direct inline 
sampling of VOCs from wood smoke in real time. More than 300 VOCs were detected 
from kānuka wood smoke. Among the identified compounds, phenolic compounds were 
the dominant chemical class, with important odour-active compounds identified such as 
guaiacol, creosol and syringol. Ketones and aldehydes also contributed to the VOC 
profile of Kanuka smoke, such as 3-methyl-2(5H)-furanone and vanillin. These findings 
illustrated the high complexity of VOCs in the gas phase of kānuka wood smoke.  
Using a trained panel of six assessors, the GC-O analysis of kānuka wood smoke revealed 
62 odour regions with MF % greater than 50 % in at least one of the four smoke samples. 
The identities of compounds giving rise to the odour regions were dominated by 18 
phenolic compounds, followed by 8 ketones. The dominant odour-active compounds 
were vanillin, guaiacol and creosol. The odour response (MF%) of 29 odour-active 
compounds varied significantly between treatments according to Chi-square (χ2) tests, 
indicating the potential to manipulate the odour profiles by varying smoke generation 
conditions.  
Employing response surface methodology, the impact of four smoke generation 
parameters, including temperature, atmosphere (oxygen content), sweep gas flow rate 
and moisture content of the wood powder on the VOCs in kānuka wood smoke was 
studied in a systematic manner. In general, temperature was the most influential factor, 
followed by atmosphere and sweep gas flow rate, while moisture content showed the 
smallest effect. The modelling of six representative odour-active compounds provided 
the parameters to reach the highest level of each compound. By contrast, the modelling 
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of PAHs found that the levels of PAHs were predicted to be relatively low at about 350 
°C or below, regardless of the levels of other selected smoke generation parameters. This 
successfully demonstrated that the maximum levels of important odour-active 
compounds (e.g. guaiacol) could be reached while minimizing PAH formation. 
Understanding the control of smoke generation conditions to achieve target VOC profiles 
will facilitate the smoking industry to achieve desired flavour profiles while ensuring 
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Supplementary data for Chapter 2 
A.1 Major identified aroma compounds yielded from thermal decomposition of biomass. 




Species in literatures 
Reference 
acids 
formic acid 64-18-6 pungent, penetrating C 
pine, cottonwood, 
tobacco 
(Alvarado et al., 2011; Bassilakis et al., 2001; Cadwallader, 2007; 
Edye & Richards, 1991; Larson & Koenig, 1994; Maga, 1987; 
Roy, Pakdel, & Brouillard, 1990; Yokelson et al., 1999) 
acetic acid 64-19-7 acidic, vinegar HC, C 
pine, cottonwood, oak, 
rice husk, hickory, 
cherry, bamboo, cedar, 
tobacco 
(Alvarado et al., 2011; Bassilakis et al., 2001; Cadwallader, 2007; 
Edye & Richards, 1991; Fiddler et al., 1966; Fujimaki et al., 
1974; Guillén & Manzanos, 2002; Kim et al., 1974; Larson & 
Koenig, 1994; Maga, 1987; Pino, 2014; Yokelson et al., 1999) 




rice husk, oak, cherry, 
pine, bamboo, cedar 
(Bassilakis et al., 2001; Cadwallader, 2007; Demirbaş, 2000; 
Fiddler, Doerr, et al., 1970; Fujimaki et al., 1974; Kim et al., 
1974; Pino, 2014) 
butanoic acid 107-92-6 
strong rancid, cheese, 
sweat, spoiled milk, 
butter-like odour 
HC, C 
oak, cherry, pine, 
bamboo, cedar 
(Cadwallader, 2007; Fujimaki et al., 1974; Kim et al., 1974; 
Maga, 1987; Montazeri et al., 2013; Pino, 2014) 
2-methylbutanoic acid 116-53-0 cheese, sweat, apple-like  tobacco (Bassilakis et al., 2001; Cadwallader, 2007; Maga, 1987) 
isovaleric acid 503-74-2 
 sweet, acid, rancid, 
disagreeable, cheese-like 
odour, dried fruit 
HC, C tobacco, black tea leaves 
(Bassilakis et al., 2001; Cadwallader, 2007; Li et al., 2018; Maga, 
1987; Simoneit, 2002; Sung, 2013) 
tiglic acid 80-59-1 sweet, warm, spicy odour  tobacco 
(Cadwallader, 2007; Demole & Berthet, 1972; Fiddler, Doerr, et 
al., 1970; Guillén & Manzanos, 1996; Maga, 1987) 
pentanoic acid 109-52-4 
unpleasant, penetrating 
rancid odour, cheese, 
pungent 
 
rice hull, oak, cherry, 
pine, bamboo, cedar 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Fujimaki et al., 
1974; Guillén & Manzanos, 2002; Kim et al., 1974; Kim et al., 
2011; Maga, 1987; Pino, 2014) 
vanillic acid 121-34-6 pleasant, creamy odour L 
oak, birch, pine, 
eucalyptus 
(Hedberg et al., 2002; Maga, 1987; Nolte et al., 2001; Simoneit, 
2002; Vichi et al., 2007) 








Species in literatures 
Reference 
syringic acid 530-57-4 floral L 
pine, oak, eucalyptus, 
birch 
(Hedberg et al., 2002; Nolte et al., 2001; Simoneit, 2002) 
hexanoic acid 142-62-1 
cheesy, sweat-like odour, 
oil, pungent, sour 




odour, very similar to that 
of ethanol 
HC tobacco, oak 
(Bassilakis et al., 2001; Cadwallader, 2007; Demirbaş, 2000; Kim 
et al., 1974; Maga, 1987; Yokelson et al., 1999) 
ethanol 64-17-5 
weak, ethereal, vinous 
odour, sweet, alcoholic 
 oak 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Kim et al., 
1974; Maga, 1987) 
cis-coniferyl alcohol 458-35-5   L oak, pine, eucalyptus (Lu et al., 2012; Nolte et al., 2001; Vichi et al., 2007) 
 2-furanmethanol 98-00-0 
caramel, cooked, faint, 
burning odour 
C 
oak, rice husk, black tea 
leaves, pine, 
cottonwood, hickory 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler et al., 1966; 
Guillén & Manzanos, 2002; Knowles et al., 1975; Lustre & 
Issenberg, 1969; Pino, 2014; Sung, 2013) 
aldehydes 
methanal 50-00-0 
 pungent, suffocating 
odour 
HC tobacco, birch 
(Bassilakis et al., 2001; Cadwallader, 2007; Cai, Dai, & Liu, 
2018; Hedberg et al., 2002; Larson & Koenig, 1994; Maga, 1987; 
Yokelson et al., 1999) 
ethanal 75-07-0 
floral, green apple, 
pungent, fruity, ethereal 
odour 
C tobacco, oak, birch 
(Bassilakis et al., 2001; Cadwallader, 2007; Guillén & Manzanos, 
2002; Hedberg et al., 2002; Maga, 1987) 
furfural 98-01-1 
Sweet, brown, woody, 
bready, caramellic, with a 
slight phenolic, almond-
like, pungent, baked 
potatoes, burnt, spice 
HC, C 
tobacco, oak, black tea 
leaves, hickory, alder, 
pine, cottonwood, rice 
husk 
(Bassilakis et al., 2001; Cadwallader, 2007; Edye & Richards, 
1991; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Guillén & 
Manzanos, 2002; Kim et al., 1974; Kjällstrand & Petersson, 2001; 
Larson & Koenig, 1994; Lustre & Issenberg, 1969; Maga, 1987; 




fatty buttery musty waxy 
caramellic 
HC, C 
pine, black tea leaves, 
oak 
(Fiddler, Doerr, et al., 1970; Maga, 1987; Sung, 2013; Vichi et 
al., 2007; Zhao et al., 2017) 
propanal 123-38-6 
floral, solvent, sharp, 
pungent odour 
 tobacco, rice husk, birch 
(Bassilakis et al., 2001; Cadwallader, 2007; Hedberg et al., 2002; 
Maga, 1987; Montazeri et al., 2013; Pino, 2014) 
butanal 123-72-8 
banana, green, pungent, 
nutty odour 
 birch (Cadwallader, 2007; Hedberg et al., 2002; Maga, 1987) 
pentanal 110-62-3 
almond, bitter, malt, oil, 
strong, acrid, pungent 
odour 
HC rice husk 









Species in literatures 
Reference 
hexanal 66-25-1 
apple, fat, fresh, green, 
oil, fatty-green, grassy 
odour 
 birch (Hedberg et al., 2002; Maga, 1987) 
benzaldehyde 100-52-7 
bitter, burnt sugar, cherry, 
malt, roasted pepper, 
sweet, strong almond 
odour 
L pine, cottonwood, birch 
(Edye & Richards, 1991; Hedberg et al., 2002; Huang, Liu, Wu, 
Tong, & Ren, 2014; Maga, 1987) 
salicylaldehyde 90-02-8 
phenol, spice, pungent, 
bitter, almond-like odour 
L hickory (Huang et al., 2014; Lustre & Issenberg, 1969; Maga, 1987) 
anisaldehyde 123-11-5 
almond, anise, mint, 
intensely sweet, floral 
odour 
L birch 
(Cadwallader, 2007; Hedberg et al., 2002; Maga, 1987; Page, Van 
Leeuwen, Spark, & Mulcahy, 2002) 
sinapaldehyde 4206-58-0   L hickory 
(Cadwallader, 2007; Del Rı́o, Speranza, Gutiérrez, Martı́nez, & 
Martı́nez, 2002; Lustre & Issenberg, 1969; Maga, 1987) 
coniferaldehyde 458-36-6   L hickory, oak 
(Del Rı́o et al., 2002; Lustre & Issenberg, 1969; Maga, 1987; 
Vichi et al., 2007) 
vanillin 121-33-5 
sweet, vanilla, creamy and 
phenolic odour 
L 
pine, oak, eucalyptus, 
rice husk, hickory, 
cottonwood, birch 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Guillén & Manzanos, 1996; Guillén 
& Manzanos, 2002; Hedberg et al., 2002; Kim et al., 2011; Lustre 
& Issenberg, 1969; Montazeri et al., 2013; Nolte et al., 2001; 
Pino, 2014; Vichi et al., 2007) 
syringaldehyde 134-96-3 
mild plastic, woody, 
tonka, sweet, floral 
L 
pine, oak, eucalyptus, 
hickory, birch 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Kjällstrand & 
Petersson, 2001; Larson & Koenig, 1994; Nolte et al., 2001) 
isovaleraldehyde 590-86-3 
ethereal aldehydic 
chocolate peach, fruity, 
fatty, animal, almond 
odour  
L oak, birch 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Hedberg et al., 
2002; Machmudah, Wahyudiono, Kanda, Sasaki, & Goto, 2015) 
2-ethylbutanal 97-96-1 
sweet, green, etherial lift, 
fruity with a cocoa nuance 
L oak, rice husk 
(Guillén & Manzanos, 2002; Pino, 2014; Wang, Yu, Chen, Yang, 








Species in literatures 
Reference 
acrolein 107-02-8 
almond cherry, piercing, 
disagreeable odour 





HC rice husk 
(Larson & Koenig, 1994; Lu et al., 2012; Maga, 1987; Pino, 
2014) 
styrene 100-42-5 sweet balsam floral plastic 
HC, C, 
L 
alder, rice husk 
(Kim et al., 2011; Kjällstrand & Petersson, 2001; Maga, 1987; 
Wu et al., 2013) 
benzene 71-43-2 aromatic odour HC tobacco, rice husk, alder 
(Bassilakis et al., 2001; Kjällstrand & Petersson, 2001; Larson & 




earth, moss, wood, sweet 
creamy vanilla phenolic 
musty 
L rice husk, oak, hickory 
(Cadwallader, 2007; Fiddler et al., 1966; Guillén & Manzanos, 
2002; Maga, 1987; Page et al., 2002; Pino, 2014) 
1,4-dimethoxybenzene 150-78-7 
sweet green new mown 
hay fennel 
L oak 
(Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; Page et 
al., 2002) 
esters 
methyl acetate 79-20-9 
green, etherial and 
solvent-like, estery, fruity, 
winey, cognac and rum, 
fragrant, fruity odour 
 hickory, rice husk (Cadwallader, 2007; Fiddler et al., 1966; Maga, 1987; Pino, 2014) 
methylformate 107-31-3 fruity plum estery L hickory 
(Cadwallader, 2007; Hruza, Van Praag, & Heinsohn, 1974; Maga, 




furan 110-00-9 ethereal HC, C hickory 




chocolate, spicy smoky 
aroma 
HC 
rice husk, black tea 
leaves, alder 
(Cadwallader, 2007; Kjällstrand & Petersson, 2001; Maga, 1987; 
Pino, 2014; Sung, 2013) 
2,5-dimethylfuran 625-86-5 
chemical ethereal meaty 
gravy roast beef bacon, 
spicy smoky aroma  
HC alder (Kjällstrand & Petersson, 2001; Maga, 1987) 
2-ethylfuran 3208-16-0 
butter, caramel, chemical-
like with a beany bready 
malty nuance 
HC oak, rice husk (Guillén & Manzanos, 2002; Maga, 1987; Pino, 2014) 
2-acetyl-5-methylfuran 1193-79-9 
sweet, musty, nutty with a 
caramellic nuance 
C 
rice husk, pine, 
cottonwood 








Species in literatures 
Reference 
2,3,5-trimethylfuran 10504-04-8   L rice husk (Machmudah et al., 2015; Maga, 1987; Pino, 2014) 
2-vinylfuran 1487-18-9   Phenolic, coffee   C rice husk (Maga, 1987; Pino, 2014; Wang, Shi, Cui, & Li, 2018) 
methyl-2-furoate 611-13-2 
mushroom, fungus, 
tobacco, sweet, berry, 
fruity, winey, heavy odour  
C black tea leaves (Maga, 1987; Sung, 2013) 
5-methyl-furfural 620-02-0 
bready, brown, coffee-
like, spicy-sweet, warm 
and slightly caramellic 
odour 
HC, C 
tobacco, hickory, oak, 
black tea leaves 
cherry, pine, bamboo, 
cedar, alder, pine, 
cottonwood 
(Bassilakis et al., 2001; Cadwallader, 2007; Edye & Richards, 
1991; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Fujimaki et 
al., 1974; Guillén & Manzanos, 1996; Guillén & Manzanos, 
2002; Kim et al., 1974; Kjällstrand & Petersson, 2001; Lustre & 
Issenberg, 1969; Montazeri et al., 2013; Sung, 2013; Vichi et al., 
2007) 
benzofuran 271-89-6 styrene aromatic L alder, pine, cottonwood 
























butter, herb, malt, 
pungent, sweet  
HC, C 
hickory, rice husk, black 
tea leaves, yellow pine 
(Demirbaş, 2002; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; 




HC, C tobacco, rice husk, birch 
(Bassilakis et al., 2001; Cadwallader, 2007; Hedberg et al., 2002; 
Kim et al., 1974; Maga, 1987; Pino, 2014; Wu et al., 2016) 
2-butanone 78-93-3 
moderately sharp, 
fragrant, mint- or acetone-
like odour. fruit, pleasant, 
ethereal, nauseating odour 
C 
rich husk, black tea 
leaves, birch 
(Cadwallader, 2007; Hedberg et al., 2002; Kim et al., 1974; 
Maga, 1987; Pino, 2014; Sung, 2013) 
1-hydroxy-2-butanone 5077-67-8 savoury, fruity aroma HC, C black tea leaves 
(Maga, 1987; Montazeri et al., 2013; Sung, 2013; Xin et al., 
2013) 
3-hydroxy-2-butanone 513-86-0 
creamy, green pepper, 
buttery odour 
HC tobacco, rice husk (Bassilakis et al., 2001; Maga, 1987; Pino, 2014) 
4-hydroxy-4-methyl-2-
pentanone 
 123-42-2 faint, minty odour HC, L N/A (Guillén & Manzanos, 1996; Maga, 1987) 
2-methyl-3-pentanone 565-69-5    black tea leaves (Maga, 1987; Sung, 2013) 
2,3-pentanedione 600-14-6 penetrating, buttery odour HC black tea leaves (Cadwallader, 2007; Maga, 1987; Sung, 2013; Wu et al., 2016) 
2-hexanone 591-78-6 acetone-like odour  rice husk (Maga, 1987; Pino, 2014) 
3-hexanone  589-38-8 ether, grape  rice husk (Maga, 1987; Pino, 2014) 














































2,5-hexanedione 110-13-4 sweet aromatic odour HC 
oak, rice husk, black tea 
leaves 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Guillén & 
Manzanos, 2002; Lu et al., 2012; Maga, 1987; Pino, 2014; Sung, 
2013) 
2-heptanone 110-43-0 
blue cheese, fruit, green, 
nut, banana-like, fruity, 
spicy odour 
 rice husk (Maga, 1987; Pino, 2014) 
propiosyringone  5650-43-1   L 
hickory, eucalyptus 
globulus wood 
(Del Rı́o et al., 2002; Lustre & Issenberg, 1969; Maga, 1987) 
cyclopentanone 120-92-3 
mint, cool, agreeable 
odour somewhat like 
peppermint 
HC 
rice husk, black tea 
leaves, oak, cherry, pine, 
bamboo, cedar 
(Cadwallader, 2007; Fujimaki et al., 1974; Maga, 1987; Pino, 
2014; Sung, 2013; Wang, Ru, Lin, & Sun, 2015) 
2-methylcyclopentanone 1120-72-5  C 
switch grass, sweet 
sorghum, corn stalk, 
poplar 
(Torri & Fabbri, 2009; Zhao et al., 2017) 
2-cyclopenten-1-one 930-30-3   HC, C hickory 




1121-05-7   HC 
oak, cherry, pine, 
bamboo, cedar 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Fujimaki et al., 




Caramellic, maple, sweet, 
burnt, coffee, bready 
nuances 
HC, C 
switchgrass, oak, rice 
husk, black tea leaves, 
hickory 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Fiddler et al., 
1966; Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; 
Knowles et al., 1975; Kostyra & Baryłko-Pikielna, 2006; Lustre 
& Issenberg, 1969; Maga, 1987; Pino, 2014; Sung, 2013; Xin et 
al., 2013; Yang et al., 2014; Zhao et al., 2017) 
acetovanillone (1-(4-hydroxy-
3-methoxyphenyl)ethenone) 
498-02-2 faint, sweet, vanillin L 
pine, oak, eucalyptus, 
hickory 
(Fiddler, Doerr, et al., 1970; Guillén & Manzanos, 1996; Lustre & 
Issenberg, 1969; Montazeri et al., 2013; Nolte et al., 2001; Vichi 
et al., 2007) 
acetosyringone 2478-38-8 odourless L 
pine, oak, eucalyptus, 
hickory 
(Cadwallader, 2007; Lustre & Issenberg, 1969; Nolte et al., 2001) 
 cyclohexanone 108-94-1 
minty, peppermint- or 
acetone-like odour 
HC oak, rice husk 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Nowakowski & 
Jones, 2008; Pino, 2014) 
2-methyl-2-cyclopenten-1-one 1120-73-6   HC, C 
oak, rice husk, black tea 
leaves 




80-71-7 caramellic maple HC, C rice husk (Heo et al., 2010; Zhao et al., 2017) 













































Sweet, creamy, pungent, 
with a pungent caramellic 
nuance, butter-like odour 




Sweet, brown, sugary, 
maple, cyclotene-like, 
caramellic 
 oak (Guillén & Manzanos, 1996; Guillén & Manzanos, 2002) 
3-ethyl-1,2-cyclopentanedione 13494-08-1 
maple-, caramel-, smoky-, 
coffee-like odour 
 oak (Guillén & Manzanos, 1996; Guillén & Manzanos, 2002) 
 5-methyl-2(3H)-furanone 591-12-8 
sweet, solvent-like, oily, 
coconut, nutty with 
coumarin, tobacco 
nuances 
C oak, black tea leaves 
(Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; Sung, 
2013) 
 1-(2-furanyl)-ethanone 1192-62-7 
sweet, almondy, nutty, 
brown and toasted with a 
milky, lactonic undernote, 
coffee-like aroma  
C 
oak, black tea leaves 
rice husk, pine, 
cottonwood 
(Cadwallader, 2007; Edye & Richards, 1991; Guillén & 
Manzanos, 2002; Maga, 1987; Pino, 2014; Sung, 2013) 
3-methyl-2(5H)-furanone 22122-36-7   L oak 
(Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; 
Montazeri et al., 2013) 
3,5-dihydroxy-2-methyl-4H-
pyran-4-one 
1073-96-7   C oak, black tea leaves (Guillén & Manzanos, 2002; Sung, 2013) 
(E)-3-Penten-2-one 3102-33-8    
rice husk, black tea 
leaves 
(Pino, 2014; Sung, 2013) 
1,2-cyclopentanedione  3008-40-0   C black tea leaves (Fiddler, Doerr, et al., 1970; Montazeri et al., 2013; Sung, 2013) 
1-(acetyloxy)-2-butanone 1575-57-1   C black tea leaves (Cadwallader, 2007; Montazeri et al., 2013; Sung, 2013) 
5-methyl-2(5H)-furanone 591-11-7   C black tea leaves (Guillén & Manzanos, 1996; Montazeri et al., 2013; Sung, 2013) 
2,5-dihydro-3,5-dimethyl-2-
furanone 
5584-69-0   HC, C black tea leaves 
(Lai, Li, Zhang, Li, & Mu, 2018; Lv, Wu, & Lou, 2010; 




sweet, slightly burnt 
brown caramellic, cotton 
candy with a savoury 
nuance, fruity or burnt 
pineapple aroma 
C black tea leaves 






















sweet, cotton candy, 




oak, black tea leaves, 
hickory 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Guillén & 
Manzanos, 1996; Guillén & Manzanos, 2002; Lustre & Issenberg, 




sweet, brown, caramellic, 
maple, brown sugar, rum, 
whiskey, furanone 
C black tea leaves (Montazeri et al., 2013; Nowakowski & Jones, 2008; Sung, 2013) 
γ-butyrolactone 96-48-0 
creamy, oily with fatty 
nuances 
 oak 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Kim et al., 1974; 
Maga, 1987; Montazeri et al., 2013; Vichi et al., 2007) 
2(5H)-furanone 497-23-4 buttery C N/A (Guillén & Manzanos, 1996; Montazeri et al., 2013) 
























phenolic, plastic, rubbery, 
sharp, medicinal, sweet, 
tarry, acrid odour 
HC, C, 
L 
tobacco, rice husk, black 
tea leaves, hickory, 
alder, oak, cherry, pine, 
bamboo, cedar, 
cottonwood 
(Alvarado et al., 2011; Cadwallader, 2007; Edye & Richards, 
1991; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Fujimaki et 
al., 1974; Guillén & Manzanos, 1996; Kim et al., 1974; Kim et 
al., 2011; Kjällstrand & Petersson, 2001; Knowles et al., 1975; 
Larson & Koenig, 1994; Lustre & Issenberg, 1969; Maga, 1987; 
Montazeri et al., 2013; Pino, 2014; Sung, 2013; Yokelson et al., 
1999; Zhao et al., 2017) 
o-cresol 95-48-7 
ink, musty phenolic 
musty, phenolic, 
medicinal, sweet, tarry 
odour 
L, HC 
oak, cherry, pine, 
bamboo, cedar, hickory, 
cottonwood, rice husk, 
black tea leaves 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fujimaki et al., 1974; Guillén & Manzanos, 1996; 
Guillén & Manzanos, 2002; Kawamoto, 2017; Kim et al., 1974; 
Kim et al., 2011; Knowles et al., 1975; Kostyra & Baryłko-
Pikielna, 2006; Lustre & Issenberg, 1969; Maga, 1987; Montazeri 
et al., 2013; Pino, 2014; Sung, 2013; Zhao et al., 2017) 
m-cresol 108-39-4 
sweet, woody, leather, 
dry, tarry, medicinal-
leathery, phenolic odour 
L 
hickory, oak, cherry, 
pine, bamboo, cedar, 
cottonwood 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Fujimaki et al., 1974; Kawamoto, 
2017; Kim et al., 1974; Lustre & Issenberg, 1969; Maga, 1987) 
p-cresol 106-44-5 
sweet, faecal, phenolic 





oak, cherry, pine, 
bamboo, cedar, hickory, 
cottonwood, rice husk, 
maple, wheat straw 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fujimaki et al., 1974; Guillén & Manzanos, 1996; 
Kawamoto, 2017; Kim et al., 1974; Kim et al., 2011; Knowles et 
al., 1975; Kostyra & Baryłko-Pikielna, 2006; Lustre & Issenberg, 
1969; Maga, 1987; Montazeri et al., 2013; Pino, 2014; Sipilä, 














































2-ethylphenol 90-00-6 phenolic L rice husk 
(Hosoya, Kawamoto, & Saka, 2009; Kim et al., 2011; Maga, 
1987; Pino, 2014) 
3-ethylphenol 620-17-7 musty L 
rice husk, black tea 
leaves 
(Hosoya et al., 2009; Kostyra & Baryłko-Pikielna, 2006; Maga, 
1987; Montazeri et al., 2013; Pino, 2014; Sung, 2013) 
4-ethylphenol 123-07-9 
smoke, phenolic, creosote 
and savoury 
L rice husk 
(Fiddler, Doerr, et al., 1970; Kim et al., 2011; Maga, 1987; 
Montazeri et al., 2013; Pino, 2014; Zhao et al., 2017) 
 2,3-dimethylphenol 526-75-0 phenolic chemical musty L oak, rice husk (Cadwallader, 2007; Guillén & Manzanos, 2002; Pino, 2014) 
2,4- dimethylphenol 105-67-9 weak smoky roasted dark L 
rice husk, oak, cherry, 
pine, bamboo, cedar, 
oak 
(Fiddler, Doerr, et al., 1970; Fujimaki et al., 1974; Kawamoto, 
2017; Kim et al., 1974; Kim et al., 2011; Maga, 1987; Pino, 2014) 
 2,5-dimethylphenol  95-87-4 
sweet, naphthyl, phenolic, 
smoke, bacon and Iysol-
like 
L oak, black tea leaves 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Kawamoto, 
2017; Pino, 2014) 
 2,6-dimethylphenol 576-26-1 
sweet medicinal phenolic 
rooty coffee 
L oak, rice husk (Cadwallader, 2007; Guillén & Manzanos, 2002; Pino, 2014) 
3,4- dimethylphenol 95-65-8 
slightly smoky and earthy 
character provides nice 
roasted notes to seafood, 
mushroom and coffee 
flavours, flat dry 
L 
oak, cherry, pine, 
bamboo, cedar 
(Fiddler, Doerr, et al., 1970; Fujimaki et al., 1974; Kawamoto, 
2017; Kim et al., 1974; Maga, 1987; Zhao et al., 2017) 
3,5- dimethylphenol 108-68-9 balsamic coffee L 
oak, cherry, pine, 
bamboo, cedar, rice 
husk 
(Cadwallader, 2007; Fujimaki et al., 1974; Guillén & Manzanos, 
2002; Kawamoto, 2017; Kim et al., 1974; Kim et al., 2011; Maga, 
1987; Pino, 2014) 
2,3,5-trimethylphenol 697-82-5  burnt, coffee, woody L oak, rice husk 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Kim et al., 
2011; Maga, 1987; Pino, 2014; Yan et al., 2019) 
2,3,6-trimethylphenol 2416-94-6   L rice husk (Cadwallader, 2007; Maga, 1987; Pino, 2014; Yan et al., 2019) 
syringol 91-10-1 
sweet, phenol, smoky, 
medicinal, balsamic, 
woody medicinal rather 
dry odour 
L 
oak, rice husk, hickory, 
pine, cottonwood, 
cherry, bamboo, cedar 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Fujimaki et al., 1974; Guillén & 
Manzanos, 1996; Guillén & Manzanos, 2002; Kawamoto, 2017; 
Kim et al., 2011; Knowles et al., 1975; Kostyra & Baryłko-
Pikielna, 2006; Larson & Koenig, 1994; Lustre & Issenberg, 
1969; Maga, 1987; Montazeri et al., 2013; Pino, 2014; Vichi et 
al., 2007) 
















































medicinal, woody, spicy, 
eugenol-like and rooty 
with a caramellic nuance 
L 
rice husk, oak, hickory, 
pine, cottonwood, 
cherry, bamboo, cedar 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Fujimaki et al., 1974; Guillén & 
Manzanos, 1996; Guillén & Manzanos, 2002; Kawamoto, 2017; 
Knowles et al., 1975; Kostyra & Baryłko-Pikielna, 2006; Lustre 
& Issenberg, 1969; Maga, 1987; Pino, 2014) 
4-ethylsyringol 14059-92-8   L 
oak, cherry, pine, 
bamboo, cedar, 
cottonwood 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fujimaki et al., 1974; Guillén & Manzanos, 1996; 
Guillén & Manzanos, 2002; Kostyra & Baryłko-Pikielna, 2006; 
Maga, 1987) 
4-propylsyringol 6766-82-1 phenolic L 
pine, cottonwood, 
hickory 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Knowles et al., 1975; Kostyra & 
Baryłko-Pikielna, 2006; Maga, 1987) 
guaiacol 90-05-1 
phenolic, smoky, burnt, 
spicy, medicinal, vanilla 
and savoury meaty with a 
woody nuance 
L 
black tea leaves, 
hickory, cottonwood, 
rice husk, oak, cherry, 
pine, bamboo, cedar 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Fujimaki et al., 1974; Guillén & 
Manzanos, 1996; Guillén & Manzanos, 2002; Hedberg et al., 
2002; Kim et al., 1974; Kim et al., 2011; Knowles et al., 1975; 
Kostyra & Baryłko-Pikielna, 2006; Larson & Koenig, 1994; 
Lustre & Issenberg, 1969; Maga, 1987; Montazeri et al., 2013; 
Pino, 2014; Sung, 2013; Vichi et al., 2007; Yan et al., 2019) 
4-methylguaiacol 93-51-6 
phenol, smoky, vanilla, 
sweet, spicy, slightly 
vanilla-like odour 
L 
rice husk, oak, hickory, 
cottonwood, cherry, 
pine, bamboo, cedar 
(Bassilakis et al., 2001; Cadwallader, 2007; Edye & Richards, 
1991; Fiddler, Doerr, et al., 1970; Fiddler et al., 1966; Fujimaki et 
al., 1974; Guillén & Manzanos, 1996; Guillén & Manzanos, 
2002; Kim et al., 1974; Kostyra & Baryłko-Pikielna, 2006; Lustre 
& Issenberg, 1969; Maga, 1987; Pino, 2014; Vichi et al., 2007; 
Yan et al., 2019) 
4-ethylguaiacol 2785-89-9 
warm, spicy and clove-
like with medicinal, 
woody and sweet vanilla 
nuances, smoky  
HC, L 
hickory, pine, 
cottonwood, oak, cherry, 
pine, bamboo, cedar 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Fujimaki et al., 1974; Kim et al., 
1974; Kostyra & Baryłko-Pikielna, 2006; Lustre & Issenberg, 
1969; Maga, 1987; Yan et al., 2019) 
4-propylguaiacol 2785-87-7 
clove sharp spicy sweet 
phenolic powdery 
allspice, smoky  
L oak, hickory, rice husk 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Fiddler et al., 
1966; Guillén & Manzanos, 2002; Kim et al., 1974; Kim et al., 
2011; Knowles et al., 1975; Maga, 1987; Montazeri et al., 2013; 
Pino, 2014) 
4-vinylguaiacol 7786-61-0 
 powerful, spicy, clove-
like roasted peanut odour, 
dry woody fresh amber 
L hickory, oak 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Fiddler et al., 














































cedar roasted peanut, 
Cloves 
eugenol  97-53-0 
strong odour of cloves, 
sweet, spicy, woody, 
smoky, with phenolic 
savoury ham and bacon 
notes and cinnamon and 
allspice nuances 
L 
rice husk, hickory, oak, 
pine, cottonwood 
(Cadwallader, 2007; Edye & Richards, 1991; Fiddler, Doerr, et 
al., 1970; Fiddler et al., 1966; Guillén & Manzanos, 2002; 
Kostyra & Baryłko-Pikielna, 2006; Lustre & Issenberg, 1969; 
Maga, 1987; Montazeri et al., 2013; Pino, 2014; Vichi et al., 
2007; Yan et al., 2019) 
trans-isoeugenol 5932-68-3 
sweet spicy carnation 
phenolic floral 
L hickory 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Kostyra & 
Baryłko-Pikielna, 2006; Lustre & Issenberg, 1969; Maga, 1987) 
cis-isoeugenol 5912-86-7 spicy clove L hickory 
(Cadwallader, 2007; Fiddler, Doerr, et al., 1970; Kostyra & 
Baryłko-Pikielna, 2006; Lustre & Issenberg, 1969; Maga, 1987) 
3-methoxypyrocatechol 934-00-9   L oak 
(De Wild, Huijgen, & Heeres, 2012; Fiddler, Doerr, et al., 1970; 
Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; Kim et 
al., 1974; Kostyra & Baryłko-Pikielna, 2006; Maga, 1987; 
Montazeri et al., 2013) 
catechol 120-80-9  faint odour L 
tobacco, pine, 
cottonwood, oak 
(Bassilakis et al., 2001; Cadwallader, 2007; De Wild et al., 2012; 
Guillén & Manzanos, 2002; Kim et al., 1974; Larson & Koenig, 
1994; Maga, 1987; Montazeri et al., 2013; Pino, 2014) 
isoeugenol 97-54-1 
sweet spicy, clove-like 
odour with a woody 
nuance 
L pine, oak, eucalyptus 





2503-46-0   L oak, black tea leaves 
(Guillén & Manzanos, 1996; Guillén & Manzanos, 2002; 
Nowakowski et al., 2010) 
4-(1-propenyl)-2,6-
dimethoxyphenol (or isomer) 
6635-22-9 sweet spicy L oak, black tea leaves 
(Cadwallader, 2007; Guillén & Manzanos, 1996; Guillén & 
Manzanos, 2002; Kostyra & Baryłko-Pikielna, 2006; Maga, 1987) 
syringylacetone 112468-41-4   L oak, black tea leaves 




488-17-5   HC oak 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Montazeri et al., 
2013; Nowakowski, Woodbridge, & Jones, 2008) 
4-methyl-1,2-benzenediol (4-
methylpyrocatechol) 
452-86-8   L oak 
(Cadwallader, 2007; Guillén & Manzanos, 2002; Liu et al., 2016; 








Species in literatures 
Reference 
 
  4-allyl-2,6-Dimethoxyphenol 6627-88-9 
smoky, phenolic, sweet, 
ham and woody, roasted 
meaty bacon odour 
L hickory 
(Knowles et al., 1975; Lustre & Issenberg, 1969; P. R. 








pungent sweet corn like 
roasted hazelnut barley 
P 
rice husk, black tea 
leaves 
(Das, Garcia-Perez, Bibens, & Melear, 2008; Maga, 1987; Pino, 
2014; Sung, 2013) 
methylpyrazine 109-08-0 
nutty, cocoa-like, brown, 
nut skin, musty, pyrazine 
and earthy with a slight 
roasted nuance 
P 
rice husk, black tea 
leaves 
(Das et al., 2008; Maga, 1987; Pino, 2014; Sung, 2013) 
pyrrole 109-97-7 
nutty, sweet, warm, 
ethereal, chloroform 
odour 
P black tea leaves (Das et al., 2008; Maga, 1987; Sung, 2013) 
2-acetylpyrrole 1072-83-9 
musty, nutty-like with a 
coumarin nuance, cocoa, 
hazelnut, walnut, bready, 
licorice-like aroma 
P rice husk (Das et al., 2008; Maga, 1987; Pino, 2014) 
pyridine 110-86-1 
unpleasant, sickening sour 
putrid fishy amine, 
nauseating, fish-like 
odour 
P black tea leaves (Das et al., 2008; Maga, 1987; Sung, 2013) 





Supplementary data for Chapter 3 
B.1 Temperature profiles for smoke generation under air. 
 
 














































Supplementary data for Chapter 4 
C.1 Temperature profiles for smoke generation under air. 
 

























Temperature profile for smoke generation under air





















Temperature profile for smoke generation under nitrogen



















Supplementary data for Chapter 5 
D.1 Detection frequency, average intensity and modified detection frequency of odour-active compound in kānuka 
smoke. 
 
Compound RI-calculated a 
Detection Frequency Average intensity Modified detection frequency b 
275 °C-Air 350 °C-Air 350 °C-N2 500 °C-Air 275 °C-Air 350 °C-Air 350 °C-N2 500 °C-Air 275 °C-Air 350 °C-Air 350 °C-N2 500 °C-Air 
2-Isopropyl-5-methyl-1-heptanol 1360 20 19 18 5 1.55 1.66 1.61 1.00 57 57 55 23 
Acetic acid 1457 17 14 18 4 1.74 1.50 2.08 1.75 55 47 63 27 
2-Butanone, 1-(acetyloxy)- 1585 13 17 20 15 1.85 1.50 1.75 1.67 50 52 60 51 
2-Furancarboxaldehyde, 5-methyl- 1612 4 14 10 11 1.63 1.61 1.95 1.68 26 48 45 44 
Butyrolactone 1649 0 17 19 15 0.00 1.65 1.66 1.97 0 54 57 55 
2-Furanmethanol 1652 13 9 6 6 1.19 1.56 1.50 1.50 40 38 31 31 
n.i.-1 c 1670 9 9 15 3 1.39 1.56 1.73 2.00 36 38 52 25 
Tetradecane, 2,6,10-trimethyl- 1679 13 9 11 15 1.58 1.28 1.36 1.50 46 35 40 48 
2(5H)-Furanone, 3-methyl- 1704 8 13 22 22 2.13 2.04 2.32 2.02 42 53 73 68 
2-Cyclopenten-1-one, 2-hydroxy- 1728 3 19 18 5 2.33 2.03 2.22 1.60 27 63 65 29 
Benzene, 1-(2-butenyl)-2,3-dimethyl- 1752 7 13 21 14 1.36 1.88 1.71 1.71 31 51 61 50 
3,4-Dimethoxytoluene 1758 6 13 15 13 1.33 1.81 1.97 1.92 29 49 55 51 
1,2-Cyclopentanedione, 3-methyl- 1775 12 16 11 18 2.21 2.34 2.73 2.00 53 63 56 61 
n.i.-2 1783 13 8 7 4 1.85 2.31 2.50 2.63 50 44 43 33 
n.i.-3 1788 15 13 10 11 1.97 2.54 2.50 2.32 55 59 51 52 
3,5-Dimethoxytoluene 1798 6 9 13 17 1.92 2.50 2.46 1.91 35 48 58 58 
Phenol, 2-methoxy- 1802 24 22 22 16 2.58 2.57 2.86 1.91 80 77 81 56 
n.i.-4 1837 18 10 8 8 1.64 1.85 2.25 2.44 55 44 43 45 
Phenol, 2,6-dimethyl- 1842 3 11 12 18 2.67 2.05 1.38 2.31 29 48 41 66 
n.i.-5 1861 3 2 6 13 0.83 2.00 1.67 2.38 16 20 32 57 
2(3H)-Naphthalenone, 4,4a,5,6,7,8-hexahydro-1-methoxy- 1875 20 22 23 20 2.33 2.36 2.20 2.38 70 74 73 70 
Creosol 1889 19 22 22 16 2.53 2.34 2.73 2.41 71 73 79 63 
1,4-Benzenediol, 2,3,5-trimethyl- 1899 6 6 9 14 1.92 1.67 1.72 1.89 35 32 40 53 
Levoglucosenone 1922 7 10 18 17 2.07 1.45 1.67 2.09 39 39 56 61 
Benzene, 1-ethoxy-3-methyl- 1928 10 15 9 15 1.90 1.83 2.17 2.33 44 54 45 60 
Phenol, 4-ethyl-2-methoxy- 1962 23 17 17 18 2.33 2.41 2.44 2.31 75 65 66 66 
n.i.-6 1967 8 6 14 11 2.25 2.17 2.36 2.64 43 37 59 55 




Compound RI-calculated a 
Detection Frequency Average intensity Modified detection frequency b 
275 °C-Air 350 °C-Air 350 °C-N2 500 °C-Air 275 °C-Air 350 °C-Air 350 °C-N2 500 °C-Air 275 °C-Air 350 °C-Air 350 °C-N2 500 °C-Air 
Phenol, 2,5-dimethyl- 2007 8 18 17 21 2.00 1.92 2.06 2.24 41 60 60 70 
Phenol, 3-methyl- 2019 11 12 9 14 2.32 1.88 2.50 2.64 52 48 48 62 
Naphthalene, 1,4-dihydro-2,5,8-trimethyl- 2030 15 20 18 22 2.40 2.55 2.50 2.30 61 73 68 73 
n.i.-7 2038 0 2 7 13 0.00 1.50 2.14 2.81 0 18 40 62 
Phenol, 2-methoxy-4-propyl- 2046 19 22 20 19 2.26 2.27 2.35 2.05 67 72 70 64 
n.i.-8 2086 10 12 9 19 1.55 1.75 1.94 2.24 40 47 43 67 
Eugenol 2109 16 16 19 12 1.69 1.53 1.47 1.83 53 51 54 48 
Phenol, 2,3-dimethyl 2115 8 13 20 20 2.13 2.12 2.13 2.33 42 54 67 70 
2-Methoxy-4-vinylphenol 2141 23 19 19 17 2.24 2.39 2.18 2.32 73 69 66 64 
n.i.-9 2158 3 2 10 15 2.00 2.00 1.70 1.97 25 20 42 55 
Phenol, 2,3,5-trimethyl- 2173 4 13 8 17 2.00 2.04 2.31 1.97 29 53 44 59 
Phenol, 2-methoxy-4-(1-propenyl)-, (Z)- 2212 12 17 12 13 1.88 1.41 1.79 1.62 48 50 47 47 
Phenol, 2,6-dimethoxy- 2221 20 19 12 16 2.20 2.45 2.25 2.31 68 70 53 62 
n.i.-10 2231 14 3 16 19 2.61 3.33 2.63 2.55 62 32 66 71 
n.i.-11 2236 16 9 11 15 2.47 2.17 2.09 2.97 64 45 49 68 
n.i.-12 2269 0 3 3 14 0.00 1.33 1.50 1.77 0 20 22 51 
n.i.-13 2306 20 19 18 14 1.65 1.97 1.92 2.46 59 63 60 60 
3,5-Dimethoxy-4-hydroxytoluene 2324 15 19 18 19 2.07 2.16 2.19 2.42 57 65 64 69 
n.i.-14 2357 0 0 0 13 0.00 0.00 0.00 1.35 0 0 0 43 
n.i.-15 2373 2 5 6 12 1.00 1.60 1.83 1.83 14 29 34 48 
n.i.-16 2395 7 7 10 20 1.71 1.71 1.45 2.30 35 35 39 69 
Methyl stearate 2447 16 19 18 17 1.66 1.66 2.03 1.76 53 57 62 56 
n.i.-17 2466 15 14 11 12 1.17 1.61 1.41 1.92 43 48 40 49 
Vanillin 2504 22 22 22 22 2.34 2.59 2.41 2.68 73 77 74 78 
2-Allyl-4-methylphenol 2515 0 0 0 16 0.00 0.00 0.00 2.25 0 0 0 61 
3',5'-Dimethoxyacetophenone 2523 13 11 18 16 2.04 1.82 1.78 1.66 53 46 58 53 
n.i.-18 2530 2 2 2 19 1.00 2.00 1.25 2.03 14 20 16 63 
Phenol, 2,6-dimethoxy-4-(2-propenyl)- 2556 8 15 8 13 1.44 1.47 1.69 2.08 35 48 38 53 
(E)-2,6-Dimethoxy-4-(prop-1-en-1-yl)phenol 2572 17 9 9 9 1.56 1.56 1.89 1.50 53 38 42 38 
Apocynin 2581 2 5 8 14 2.00 1.80 1.94 1.93 20 31 40 53 
n.i.-19 2597 2 8 14 18 1.75 2.25 1.89 2.36 19 43 53 67 
n.i.-20 2656 2 4 4 14 1.75 1.00 1.50 2.64 19 20 25 62 
hexadecanoic acid 2847 0 0 0 12 0.00 0.00 0.00 1.71 0 0 0 46 
Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 2869 2 4 5 13 2.00 1.38 1.60 1.62 20 24 29 47 
a calc. LRI-WAX means the calculated linear retention indices with WAX column obtained in this study. 
b Modified detection frequency was calculated as follows: 
 (%) =  (%) × 
 (%) 
where F (%) is the detection frequency of an odorant expressed as a percentage of the total number of sniffs (24 in this study) and I (%) is the average intensity expressed as a percentage 
of the maximum intensity (4 in this study). 





Supplementary data for Chapter 6 








air in N2) 




1 1 2 425 25 100 12 
2c 0 2 350 50 150 8 
3c 0 2 350 50 150 8 
4 1 2 425 75 200 12 
5 1 2 275 25 100 4 
6 1 2 425 75 100 4 
7 1 2 275 25 200 12 
8 1 2 275 75 200 4 
9 1 2 275 75 100 12 
10 1 2 425 25 200 4 
11 1 1 425 25 100 4 
12 1 1 425 75 200 4 
13 1 1 425 25 200 12 
14 1 1 275 75 200 12 
15 1 1 275 75 100 4 
16c 0 1 350 50 150 8 
17 1 1 275 25 200 4 
18c 0 1 350 50 150 8 
19 1 1 275 25 100 12 
20 1 1 425 75 100 12 
21* -1 3 500 50 150 8 
22* -1 3 350 100 150 8 
23* -1 3 350 0 150 8 
24c 0 3 350 50 150 8 
25* -1 3 350 50 150 0 
26c 0 3 350 50 150 8 
27* -1 3 200 50 150 8 
28* -1 3 350 50 50 8 
29* -1 3 350 50 150 16 
30* -1 3 350 50 250 8 
31 1 7 425 75 100 12 
32 1 7 425 25 100 4 
33 1 7 275 25 100 12 
34c 0 7 350 50 150 8 
35c 0 7 350 50 150 8 
36 1 7 275 75 200 12 
37 1 7 275 75 100 4 
38 1 7 425 25 200 12 
39 1 7 275 25 200 4 
40 1 7 425 75 200 4 
41 1 5 425 25 200 4 
42 1 5 275 25 100 4 
43 1 5 425 75 100 4 
44 1 5 275 25 200 12 
45c 0 5 350 50 150 8 
46 1 5 275 75 100 12 
47 1 5 275 75 200 4 











air in N2) 




49 1 5 425 25 100 12 
50c 0 5 350 50 150 8 
51 1 4 275 75 100 4 
52 1 4 425 75 100 12 
53 1 4 425 25 200 12 
54c 0 4 350 50 150 8 
55 1 4 275 75 200 12 
56 1 4 275 25 100 12 
57 1 4 425 25 100 4 
58 1 4 425 75 200 4 
59c 0 4 350 50 150 8 
60 1 4 275 25 200 4 
61* -1 9 350 50 250 8 
62c 0 9 350 50 150 8 
63* -1 9 350 0 150 8 
64* -1 9 350 50 50 8 
65* -1 9 350 50 150 0 
66* -1 9 200 50 150 8 
67* -1 9 350 50 150 16 
68* -1 9 350 100 150 8 
69c 0 9 350 50 150 8 
70* -1 9 500 50 150 8 
71c 0 6 350 50 150 8 
72* -1 6 350 50 250 8 
73c 0 6 350 50 150 8 
74* -1 6 350 50 150 16 
75* -1 6 350 50 50 8 
76* -1 6 350 0 150 8 
77* -1 6 200 50 150 8 
78* -1 6 350 100 150 8 
79* -1 6 500 50 150 8 
80* -1 6 350 50 150 0 
81 1 8 425 75 200 12 
82c 0 8 350 50 150 8 
83c 0 8 350 50 150 8 
84 1 8 425 75 100 4 
85 1 8 275 25 100 4 
86 1 8 275 25 200 12 
87 1 8 425 25 200 4 
88 1 8 425 25 100 12 
89 1 8 275 75 100 12 
90 1 8 275 75 200 4 
c central points 










guaiacol creosol syringol vanillin 
Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted 
1 2.14E+06 2.25E+06 5.12E+06 6.30E+06 3.45E+07 3.46E+07 7.39E+07 7.38E+07 2.63E+07 3.09E+07 7.25E+06 7.35E+06 
2c 3.71E+06 3.47E+06 7.84E+06 5.91E+06 4.09E+07 4.85E+07 9.92E+07 9.85E+07 4.03E+07 4.16E+07 6.50E+06 7.24E+06 
3c 4.11E+06 3.47E+06 6.62E+06 5.91E+06 4.61E+07 4.85E+07 9.90E+07 9.85E+07 3.77E+07 4.16E+07 6.19E+06 7.24E+06 
4 5.50E+05 6.62E+05 2.57E+06 3.15E+06 1.15E+07 9.90E+06 3.68E+07 3.57E+07 4.03E+07 4.43E+07 1.90E+07 1.42E+07 
5 6.76E+06 7.08E+06 1.53E+06 2.65E+06 4.94E+07 5.09E+07 6.44E+07 6.96E+07 1.14E+07 1.26E+07 3.71E+06 4.53E+06 
6 1.03E+06 1.26E+06 5.39E+06 4.65E+06 1.91E+07 2.04E+07 6.23E+07 6.33E+07 3.75E+07 4.38E+07 1.73E+07 1.55E+07 
7 6.55E+06 6.74E+06 3.10E+06 4.13E+06 4.56E+07 3.87E+07 6.46E+07 6.33E+07 1.81E+07 2.04E+07 4.95E+06 6.64E+06 
8 2.69E+06 2.72E+06 1.68E+06 2.98E+06 5.71E+07 4.92E+07 5.41E+07 6.20E+07 2.16E+07 1.80E+07 1.13E+07 8.79E+06 
9 2.39E+06 2.88E+06 1.42E+06 1.87E+06 6.71E+07 6.38E+07 9.26E+07 8.54E+07 2.68E+07 2.03E+07 8.30E+06 8.99E+06 
10 5.22E+05 1.28E+06 3.56E+06 4.35E+06 1.46E+07 1.81E+07 5.93E+07 5.49E+07 5.85E+07 4.32E+07 1.38E+07 1.15E+07 
11 1.90E+06 2.25E+06 6.48E+06 6.30E+06 3.50E+07 3.43E+07 9.26E+07 7.52E+07 4.88E+07 4.77E+07 1.41E+07 1.02E+07 
12 5.29E+05 6.62E+05 2.87E+06 3.15E+06 1.23E+07 9.77E+06 4.63E+07 3.66E+07 4.77E+07 4.71E+07 1.90E+07 1.97E+07 
13 1.09E+06 1.28E+06 4.46E+06 4.35E+06 1.72E+07 1.79E+07 6.00E+07 5.61E+07 5.38E+07 4.83E+07 1.26E+07 9.35E+06 
14 1.75E+06 2.72E+06 1.89E+06 2.98E+06 3.96E+07 4.87E+07 4.47E+07 6.33E+07 2.72E+07 3.21E+07 1.26E+07 1.14E+07 
15 2.08E+06 2.88E+06 1.10E+06 1.87E+06 7.08E+07 6.32E+07 8.32E+07 8.70E+07 2.13E+07 2.00E+07 9.07E+06 7.82E+06 
16c 4.13E+06 3.47E+06 5.77E+06 5.91E+06 4.45E+07 4.80E+07 9.06E+07 1.00E+08 2.94E+07 4.53E+07 4.92E+06 7.70E+06 
17 8.46E+06 6.74E+06 4.39E+06 4.13E+06 4.93E+07 3.83E+07 7.34E+07 6.46E+07 1.94E+07 1.36E+07 4.97E+06 5.78E+06 
18c 2.86E+06 3.47E+06 7.19E+06 5.91E+06 3.90E+07 4.80E+07 1.02E+08 1.00E+08 4.84E+07 4.53E+07 7.08E+06 7.70E+06 
19 6.55E+06 7.08E+06 2.06E+06 2.65E+06 4.40E+07 5.04E+07 6.60E+07 7.11E+07 1.47E+07 1.54E+07 5.20E+06 5.91E+06 
20 1.35E+06 1.26E+06 4.62E+06 4.65E+06 2.23E+07 2.01E+07 5.96E+07 6.46E+07 3.45E+07 3.37E+07 1.23E+07 1.26E+07 
21* 5.77E+04 1.07E+05 8.78E+05 1.07E+06 2.48E+05 3.39E+05 2.74E+06 2.79E+06 1.25E+07 1.68E+07 1.47E+07 2.91E+07 
22* 1.77E+06 1.58E+06 4.62E+06 4.35E+06 2.87E+07 2.98E+07 7.64E+07 8.11E+07 4.78E+07 5.30E+07 1.15E+07 1.17E+07 
23* 8.30E+06 6.81E+06 9.62E+06 7.92E+06 5.44E+07 3.85E+07 9.94E+07 9.54E+07 3.00E+07 3.73E+07 3.44E+06 4.47E+06 
24c 2.41E+06 3.47E+06 5.88E+06 5.91E+06 3.21E+07 3.39E+07 9.22E+07 8.80E+07 5.57E+07 4.45E+07 1.09E+07 7.26E+06 
25* 1.80E+06 3.47E+06 4.59E+06 5.91E+06 2.25E+07 3.39E+07 6.98E+07 8.80E+07 6.28E+07 4.17E+07 1.40E+07 7.52E+06 
26c 3.93E+06 3.47E+06 5.84E+06 5.91E+06 4.84E+07 3.39E+07 9.99E+07 8.80E+07 3.36E+07 4.45E+07 6.32E+06 7.26E+06 
27* 3.22E+06 3.12E+06 4.35E+05 3.08E+05 9.12E+06 8.72E+06 1.01E+07 6.90E+06 3.13E+06 2.84E+06 1.31E+07 1.06E+07 
28* 2.68E+06 4.51E+06 5.90E+06 5.79E+06 5.94E+07 7.42E+07 1.38E+08 1.50E+08 4.44E+07 3.74E+07 5.49E+06 6.07E+06 
29* 3.72E+06 3.47E+06 6.80E+06 5.91E+06 3.89E+07 3.39E+07 9.13E+07 8.80E+07 4.53E+07 4.74E+07 7.25E+06 7.01E+06 
30* 2.48E+06 2.63E+06 5.41E+06 6.03E+06 3.08E+07 3.21E+07 8.21E+07 8.79E+07 5.40E+07 5.28E+07 8.13E+06 8.69E+06 
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32 1.22E+06 2.25E+06 4.93E+06 6.30E+06 2.26E+07 3.24E+07 6.71E+07 7.40E+07 4.75E+07 5.55E+07 1.41E+07 1.17E+07 
33 7.65E+06 7.08E+06 2.41E+06 2.65E+06 4.67E+07 4.77E+07 6.93E+07 6.99E+07 1.79E+07 1.81E+07 5.48E+06 6.75E+06 
34c 2.62E+06 3.47E+06 6.07E+06 5.91E+06 3.39E+07 4.55E+07 9.07E+07 9.88E+07 5.66E+07 5.29E+07 9.84E+06 8.80E+06 
35c 2.84E+06 3.47E+06 6.68E+06 5.91E+06 3.84E+07 4.55E+07 1.03E+08 9.88E+07 5.38E+07 5.29E+07 8.88E+06 8.80E+06 
36 1.33E+06 2.72E+06 2.87E+06 2.98E+06 3.18E+07 4.61E+07 5.86E+07 6.22E+07 5.83E+07 3.75E+07 2.10E+07 1.30E+07 
37 5.15E+06 2.88E+06 4.27E+06 1.87E+06 8.45E+07 6.00E+07 9.22E+07 8.56E+07 2.34E+07 2.34E+07 8.08E+06 8.94E+06 
38 1.55E+06 1.28E+06 4.51E+06 4.35E+06 2.21E+07 1.68E+07 5.97E+07 5.51E+07 4.84E+07 5.63E+07 1.17E+07 1.07E+07 
39 7.95E+06 6.74E+06 3.48E+06 4.13E+06 6.19E+07 3.62E+07 8.17E+07 6.35E+07 1.05E+07 1.60E+07 3.67E+06 6.60E+06 
40 8.42E+05 6.62E+05 3.52E+06 3.15E+06 1.73E+07 9.08E+06 5.00E+07 3.59E+07 5.46E+07 5.49E+07 2.30E+07 2.24E+07 
41 1.86E+06 1.28E+06 4.55E+06 4.35E+06 2.55E+07 1.59E+07 6.23E+07 5.55E+07 5.34E+07 5.77E+07 1.19E+07 1.32E+07 
42 1.21E+07 7.08E+06 3.72E+06 2.65E+06 5.04E+07 4.58E+07 6.76E+07 7.03E+07 2.21E+07 1.71E+07 8.69E+06 5.20E+06 
43 1.64E+06 1.26E+06 4.90E+06 4.65E+06 2.99E+07 1.80E+07 7.37E+07 6.39E+07 3.96E+07 5.84E+07 1.00E+07 1.78E+07 
44 2.49E+06 6.74E+06 3.79E+06 4.13E+06 2.95E+07 3.47E+07 7.03E+07 6.39E+07 5.57E+07 2.76E+07 1.38E+07 7.63E+06 
45c 1.19E+06 3.47E+06 5.51E+06 5.91E+06 1.52E+07 4.36E+07 8.56E+07 9.94E+07 8.26E+07 5.56E+07 1.04E+07 8.31E+06 
46 3.10E+06 2.88E+06 2.72E+06 1.87E+06 6.38E+07 5.77E+07 8.58E+07 8.61E+07 2.55E+07 2.75E+07 9.23E+06 1.03E+07 
47 2.93E+06 2.72E+06 3.85E+06 2.98E+06 5.64E+07 4.43E+07 7.66E+07 6.26E+07 1.69E+07 2.44E+07 6.65E+06 1.01E+07 
48 3.12E+05 6.62E+05 1.55E+06 3.15E+06 4.21E+06 8.58E+06 2.39E+07 3.61E+07 6.76E+07 5.92E+07 2.07E+07 1.62E+07 
49 3.46E+06 2.25E+06 4.25E+06 6.30E+06 3.57E+07 3.10E+07 6.65E+07 7.45E+07 3.63E+07 4.15E+07 9.12E+06 8.44E+06 
50c 3.67E+06 3.47E+06 6.27E+06 5.91E+06 5.07E+07 4.36E+07 1.09E+08 9.94E+07 3.53E+07 5.56E+07 5.32E+06 8.31E+06 
51 2.32E+06 2.88E+06 1.19E+06 1.87E+06 8.25E+07 8.11E+07 8.35E+07 1.00E+08 2.41E+07 1.75E+07 9.68E+06 5.97E+06 
52 1.84E+06 1.26E+06 5.32E+06 4.65E+06 3.18E+07 2.74E+07 7.86E+07 7.53E+07 3.90E+07 2.96E+07 1.14E+07 9.66E+06 
53 1.57E+06 1.28E+06 4.86E+06 4.35E+06 2.65E+07 2.45E+07 6.82E+07 6.58E+07 5.49E+07 4.26E+07 1.33E+07 7.14E+06 
54c 4.54E+06 3.47E+06 4.77E+06 5.91E+06 6.75E+07 6.24E+07 1.26E+08 1.15E+08 2.72E+07 4.00E+07 4.10E+06 5.87E+06 
55 3.18E+06 2.72E+06 4.43E+06 2.98E+06 6.11E+07 6.33E+07 9.12E+07 7.39E+07 2.76E+07 2.82E+07 7.63E+06 8.74E+06 
56 4.77E+06 7.08E+06 1.33E+06 2.65E+06 5.54E+07 6.53E+07 7.77E+07 8.26E+07 1.35E+07 1.34E+07 3.72E+06 4.50E+06 
57 3.07E+06 2.25E+06 5.96E+06 6.30E+06 4.20E+07 4.53E+07 8.44E+07 8.73E+07 3.45E+07 4.20E+07 8.53E+06 7.82E+06 
58 1.23E+06 6.62E+05 4.06E+06 3.15E+06 1.91E+07 1.39E+07 5.28E+07 4.37E+07 4.65E+07 4.15E+07 2.03E+07 1.51E+07 
59c 3.29E+06 3.47E+06 4.91E+06 5.91E+06 4.22E+07 6.24E+07 8.86E+07 1.15E+08 2.72E+07 4.00E+07 4.41E+06 5.87E+06 
60 6.52E+06 6.74E+06 3.47E+06 4.13E+06 5.60E+07 5.04E+07 7.62E+07 7.54E+07 1.21E+07 1.19E+07 2.15E+06 4.40E+06 
61* 3.70E+06 2.63E+06 6.56E+06 6.03E+06 4.16E+07 5.12E+07 9.54E+07 1.15E+08 3.50E+07 3.56E+07 5.10E+06 5.08E+06 
62c 3.67E+06 3.47E+06 4.01E+06 5.91E+06 6.25E+07 5.39E+07 1.20E+08 1.15E+08 2.92E+07 2.99E+07 3.81E+06 4.24E+06 
63* 7.89E+06 6.81E+06 1.10E+07 7.92E+06 6.63E+07 6.06E+07 1.24E+08 1.24E+08 2.68E+07 2.49E+07 2.66E+06 2.59E+06 
64* 4.01E+06 4.51E+06 3.78E+06 5.79E+06 1.06E+08 1.11E+08 2.11E+08 1.90E+08 3.17E+07 2.50E+07 4.41E+06 3.53E+06 
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66* 4.01E+06 3.12E+06 5.64E+05 3.08E+05 1.27E+07 1.57E+07 1.37E+07 1.15E+07 3.45E+06 1.80E+06 1.30E+07 6.20E+06 
67* 3.95E+06 3.47E+06 5.39E+06 5.91E+06 5.64E+07 5.39E+07 1.18E+08 1.15E+08 2.80E+07 3.19E+07 3.69E+06 4.09E+06 
68* 2.60E+06 1.58E+06 2.74E+06 4.35E+06 5.40E+07 4.79E+07 1.29E+08 1.07E+08 2.31E+07 3.57E+07 4.74E+06 6.89E+06 
69c 2.77E+06 3.47E+06 5.55E+06 5.91E+06 4.41E+07 5.39E+07 1.02E+08 1.15E+08 3.03E+07 2.99E+07 4.55E+06 4.24E+06 
70* 1.47E+05 1.07E+05 1.35E+06 1.07E+06 9.37E+05 9.60E+05 4.04E+06 5.28E+06 1.05E+07 1.10E+07 1.28E+07 1.73E+07 
71c 3.54E+06 3.47E+06 5.98E+06 5.91E+06 4.68E+07 4.43E+07 9.75E+07 1.03E+08 2.46E+07 3.33E+07 3.44E+06 4.81E+06 
72* 3.09E+06 2.63E+06 5.69E+06 6.03E+06 3.48E+07 4.20E+07 8.48E+07 1.03E+08 4.12E+07 3.96E+07 6.62E+06 5.76E+06 
73c 4.40E+06 3.47E+06 1.04E+07 5.91E+06 5.31E+07 4.43E+07 1.12E+08 1.03E+08 4.63E+07 3.33E+07 7.16E+06 4.81E+06 
74* 5.08E+06 3.47E+06 9.09E+06 5.91E+06 5.72E+07 4.43E+07 1.15E+08 1.03E+08 3.61E+07 3.55E+07 5.00E+06 4.64E+06 
75* 4.42E+06 4.51E+06 7.88E+06 5.79E+06 1.08E+08 9.35E+07 2.29E+08 1.73E+08 4.38E+07 2.79E+07 5.59E+06 4.01E+06 
76* 6.13E+06 6.81E+06 7.85E+06 7.92E+06 3.94E+07 5.00E+07 9.13E+07 1.11E+08 1.83E+07 2.78E+07 1.76E+06 2.95E+06 
77* 2.50E+06 3.12E+06 2.93E+05 3.08E+05 6.62E+06 1.23E+07 5.62E+06 9.32E+06 1.14E+06 2.04E+06 9.05E+06 7.02E+06 
78* 1.66E+06 1.58E+06 6.26E+06 4.35E+06 3.90E+07 3.91E+07 1.17E+08 9.53E+07 4.52E+07 3.98E+07 7.04E+06 7.80E+06 
79* 1.73E+05 1.07E+05 1.04E+06 1.07E+06 9.08E+05 6.26E+05 4.09E+06 4.07E+06 1.00E+07 1.24E+07 1.01E+07 1.95E+07 
80* 4.29E+06 3.47E+06 6.65E+06 5.91E+06 4.59E+07 4.43E+07 9.75E+07 1.03E+08 4.77E+07 3.12E+07 7.59E+06 4.98E+06 
81 4.82E+05 6.62E+05 3.39E+06 3.15E+06 7.60E+06 1.36E+07 4.72E+07 5.02E+07 6.82E+07 5.20E+07 1.77E+07 1.39E+07 
82c 5.02E+06 3.47E+06 1.07E+07 5.91E+06 6.73E+07 6.15E+07 1.48E+08 1.28E+08 4.83E+07 4.89E+07 6.78E+06 7.08E+06 
83c 3.47E+06 3.47E+06 7.40E+06 5.91E+06 4.84E+07 6.15E+07 1.11E+08 1.28E+08 3.99E+07 4.89E+07 5.42E+06 7.08E+06 
84 1.56E+06 1.26E+06 6.38E+06 4.65E+06 2.79E+07 2.69E+07 8.47E+07 8.50E+07 6.56E+07 5.13E+07 1.74E+07 1.52E+07 
85 8.21E+06 7.08E+06 3.29E+06 2.65E+06 6.63E+07 6.43E+07 9.70E+07 9.29E+07 1.06E+07 1.49E+07 3.93E+06 4.43E+06 
86 8.64E+06 6.74E+06 4.26E+06 4.13E+06 5.66E+07 4.96E+07 8.38E+07 8.50E+07 1.88E+07 2.41E+07 4.67E+06 6.50E+06 
87 9.09E+05 1.28E+06 4.96E+06 4.35E+06 1.81E+07 2.41E+07 7.20E+07 7.45E+07 9.10E+07 5.07E+07 2.56E+07 1.13E+07 
88 3.38E+06 2.25E+06 9.04E+06 6.30E+06 5.31E+07 4.46E+07 1.13E+08 9.80E+07 5.15E+07 3.64E+07 1.02E+07 7.19E+06 
89 3.07E+06 2.88E+06 1.70E+06 1.87E+06 1.02E+08 8.00E+07 9.79E+07 1.12E+08 1.65E+07 2.40E+07 6.78E+06 8.79E+06 
90 4.27E+06 2.72E+06 3.04E+06 2.98E+06 7.36E+07 6.23E+07 8.67E+07 8.34E+07 1.50E+07 2.13E+07 4.92E+06 8.60E+06 
c central points 






E.3 Verification of response surface models for six odour-active compounds 
by residual analysis 
Plots of the residuals were analysed to verify the fitted model (Sarıkaya & Güllü, 2014; Yolmeh 
& Jafari, 2017). The residuals are derived from the comparison of the experimental values (y) 
and predicted values (y’). As shown in Figure E.3.1, the residual points were randomly 
distributed and showed no clear pattern, indicating a good fit for the data. The agreement between 
experimental and predicted values (Table E.2) demonstrated that these constructed response 
surface models were adequate to describe how these selected compounds were influenced as a 


















































































































































The models were further evaluated using a Wilcoxon signed rank test, which was also carried 
out for paired comparisons between the y and y’ of each compound (Rosner, Glynn, & Lee, 
2006). The Wilcoxon signed rank test found that no difference (p-value > 0.05) existed between 
measured and predicted values (Table E.3.2). 
Table E.3.2 Wilcoxon signed rank test results for six odour-active compounds. 
Compound name N for Test P-Value 
2-furanmethanol 90 0.430 
3-methyl-1,2-cyclopentanedione 90 0.971 
guaiacol 90 0.693 
creosol 90 0.781 
syringol 90 0.791 
vanillin 90 0.907 
 
E.4 Verification of predicted conditions for six odour-active compounds by 
experimental trials 
E.4.1 Introduction 
Using the response surface models presented in Chapter 6, the smoke generation conditions to 
produce the maximal levels of six selected odour-active compounds were predicted using 
Minitab software (version 18) (Table 6.6). To verify the accuracy of the predictive capability of 
the constructed response surface models, further experimental trials were carried out using 
conditions selected based on the predicted conditions. The independent variables evaluated were 
temperature, atmosphere (percentage of air in N2), sweep gas flow rate and moisture content of 
the wood powder.  A full set of experiments to conduct a validation study could not be completed 
as originally planned due to the COVID-19 situation.  
E.4.2 Materials and Methods 
Using the laboratory-scale smoke generator outlined in Chapter 3, smoke samples in four 
replicates were generated with one gram of kānuka wood powder and collected with four SBSE 
stir bars (two per smoking cycle) under four smoke generation conditions aiming to cover a wide 
range of levels for independent variables (condition 1, 2, 3, 6 in Table 6.6) for six selected odour-
active compounds. Given that temperature showed the most significant impact on the formation 
of all selected compounds, conditions 4 and 5 were left out for the model verification, as they 




models for creosol and syringol. These four conditions (1, 2, 3 and 6) were predicted to yield the 
highest levels of 2-furanmethanol, 3-methyl-1,2-cyclopentanedione, guaiacol and vanillin, 
respectively. Wood powder with a moisture content of 8.28% (central level) was used for 
conditions 1, 2 and 3, and 0% for condition 6. The operation procedures of smoke generation 
and analysis were as described in Section 6.2.3. The performance of the GC-MS detector was 
checked by analysing the reference standard mix in triplicate before and after the analysis of 
smoke samples, as outlined in Section 6.2.4. 
E.4.3 Results and Discussion 
To minimise the impact of changes in the signal response of the GC-MS detector over time (1.5 
years) between the study to build the RSM models and the experiments for the model 
verification, the relative peak response was used to compare predicted and experimental values. 
Relative peak response was obtained by dividing peak response of each compound against that 
of an external standard, methyl decanoate, in a reference standard mix (as described in Section 
6.2.4). Methyl decanoate was selected as the external reference standard because it showed the 
lowest variation (Figure 6.1). A series of one-sample T-tests were conducted to check if the 
experimental value was statistically different from the predicted value. As shown in Table E.3.3, 
the experimental values of peak response were in agreement with the predicted values (p-value 
> 0.05) for all six odour-active compounds in most of the treatments (17 out 24). The 
experimental response of those compounds were similar with the predicted response under 
conditions 2 and 3, for which the temperatures were within the range that is normally used to 
generate smoke in the food industry (300 °C - 400 °C). The experimental and predicted values 
followed exactly the same trends for all six compounds, especially with the maximum values 
found at the same conditions as predicted. From the perspective of individual compounds, 
vanillin, as one of the dominant odour-active compounds with the highest modified detection 
frequency (Table 5.2), showed the best consistency among all six compounds between predicted 
and experimental response under all four smoke generation conditions. With the second highest 
modified detection frequency (Table 5.2), guaiacol exhibited relatively good consistency at 
conditions where the maximum response was predicted. Figure E.3.4 shows the scatter plots of 
predicted versus experimental response for all six compounds. Correlation coefficients (R2) 
greater than 0.9 for all compounds supported the good agreement between predicted and 
experimental response, although the distribution of points in the scatter plots suggests that further 
validation with more levels of independent variables would be worthwhile. However, there were 




creosol, which  were predicted to be very low under condition 6 (500 °C), while noticeable levels 
of these compounds were detected in the experimental trials (Table E.3.3). This observation 
indicates that the prediction ability of the models at 500 °C was not as strong compared to 
prediction at their optimum temperatures, where the maximum levels were modelled. Lower 
robustness could be expected at the extremes of the experimental design where very few points 
were performed. For instance, there were only three treatments conducted at 500 °C with other 
independent variables set at central levels. In addition, this is possibly because the concentrations 
of those compounds were around the limit of quantitation levels (signal-to-noise as 10), leading 
to relatively high analytical variation. For example, the signal-to-noise of 2-furanmethanol under 
condition 6 was about 9.8. Another scenario causing the significant discrepancy between 
predicted and experimental values was that the process of smoking is inherently more variable.   
Table E.3.3 Comparison of predicted and experimental values for the response of six odour-
active compounds. 
Compound Condition Predicted value £ Experimental value £ (n=4) One-sample T-test 
2-furanmethanol 
1 0.84 0.81 ± 0.14§  
2 0.65 0.43 ± 0.10 * 
3 0.44 0.31 ± 0.060 * 
6 0.00056 0.02 ± 0.020  
3-methyl-1,2-cyclopentanedione 
1 0.24 0.24 ± 0.040  
2 0.63 0.59 ± 0.17  
3 0.73 0.67 ± 0.30  
6 0.018 0.18 ± 0.080 * 
guaiacol 
1 1.5 3.2 ± 1.1  
2 8.7 11.5 ± 1.8  
3 7.6 11.4 ± 1.7 * 
6 0.0016 0.28 ± 0.21  
creosol 
1 2.8 2.8 ± 0.47  
2 12.3 18.3 ± 3.5 * 
3 11.2 17.5 ± 1.1 * 
6 0.028 0.83 ± 0.54  
syringol 
1 0.37 1.15 ± 0.56  
2 2.3 2.54 ± 0.52  
3 2.6 2.6 ± 0.94  
6 1.0 1.5 ± 0.089 * 
vanillin 
1 0.32 0.31 ± 0.20  
2 0.12 0.14 ± 0.041  
3 0.12 0.14 ± 0.041  
6 1.4 1.2 ± 0.45  
£ Relative peak response against that of methyl decanoate in reference standard mix 
§ 95% confidence level 







Figure E.3.4 Scatter plots of predicted versus experimental values for six odour-active 
compounds. Error bars denote the standard error calculated depending on four 
replicates. 
E.4.4 Conclusion 
The predicted levels of the selected compounds at the smoke generation conditions to produce 
their maximum levels were verified by a set of experimental trials. Results supported the 
adequacy of the RSM models (Chapter 6) by showing reasonably good agreement between 
predicted and experimental response, illustrating the predictive capability of the constructed 
models and that relationships observed can be considered robust. Thus, constructed statistical 
models could be used to predict the response of selected odour-active compounds in kānuka 





Supplementary data for Chapter 7 
F.1 Experimental and predicted peak response of PAHs. 
Run Order 
Naphthalene Acenaphthene Acenaphthylene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene 
Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted 
1 2.40E+06 2.30E+06 1.54E+05 1.87E+05 2.56E+05 2.63E+05 8.86E+05 1.35E+05 2.86E+05 3.86E+05 1.10E+05 8.36E+04 5.36E+04 5.54E+04 7.30E+04 7.32E+03 
2c 3.43E+05 3.67E+05 4.78E+04 3.64E+04 7.36E+04 6.22E+04 3.21E+05 1.57E+04 9.45E+04 9.28E+04 1.99E+04 1.09E+04 1.55E+04 1.29E+04 1.50E+04 1.42E+03 
3c 3.91E+05 3.67E+05 3.59E+04 3.64E+04 6.35E+04 6.22E+04 2.88E+05 1.57E+04 9.13E+04 9.28E+04 1.92E+04 1.09E+04 1.38E+04 1.29E+04 1.34E+04 1.42E+03 
4 1.11E+06 9.31E+05 1.36E+05 1.34E+05 1.81E+05 1.75E+05 5.42E+05 6.46E+04 2.02E+05 2.59E+05 6.24E+04 5.19E+04 4.16E+04 4.97E+04 4.90E+04 4.53E+03 
5 6.41E+04 7.59E+04 3.82E+03 4.82E+03 9.53E+03 1.35E+04 4.14E+04 2.51E+03 3.35E+04 3.82E+04 2.22E+03 2.14E+03 2.61E+03 3.33E+03 1.79E+03 6.17E+02 
6 2.73E+06 1.80E+06 2.38E+05 1.80E+05 3.20E+05 2.31E+05 9.47E+05 1.02E+05 3.55E+05 3.07E+05 1.28E+05 7.31E+04 7.82E+04 6.20E+04 9.60E+04 6.65E+03 
7 4.53E+04 9.35E+04 3.16E+03 3.25E+03 5.55E+03 8.32E+03 3.30E+04 2.22E+03 2.78E+04 3.42E+04 2.17E+03 2.04E+03 2.55E+03 2.49E+03 1.93E+03 5.85E+02 
8 4.46E+04 8.13E+04 1.86E+03 3.07E+03 3.28E+03 6.46E+03 1.85E+04 2.41E+03 3.64E+04 3.84E+04 1.70E+03 1.76E+03 2.33E+03 2.89E+03 1.62E+03 7.11E+02 
9 7.68E+04 1.09E+05 4.64E+03 3.11E+03 1.00E+04 7.28E+03 5.21E+04 2.13E+03 4.34E+04 4.30E+04 2.57E+03 2.50E+03 2.90E+03 2.87E+03 2.01E+03 6.29E+02 
10 2.15E+06 1.62E+06 1.71E+05 1.85E+05 2.64E+05 2.48E+05 8.99E+05 1.07E+05 2.54E+05 3.24E+05 9.39E+04 8.94E+04 5.96E+04 5.58E+04 7.63E+04 6.49E+03 
11 2.37E+06 1.82E+06 2.97E+05 2.48E+05 2.78E+05 2.39E+05 1.38E+06 1.67E+05 4.22E+05 3.86E+05 1.84E+05 1.16E+05 1.04E+05 7.25E+04 1.38E+05 1.18E+04 
12 7.56E+05 6.99E+05 1.71E+05 1.79E+05 1.46E+05 1.58E+05 6.68E+05 8.07E+04 2.32E+05 2.59E+05 7.73E+04 7.30E+04 5.86E+04 6.53E+04 6.72E+04 7.01E+03 
13 9.89E+05 1.26E+06 1.47E+05 1.87E+05 1.41E+05 1.81E+05 6.79E+05 1.07E+05 2.03E+05 3.24E+05 7.44E+04 8.35E+04 5.31E+04 5.83E+04 6.41E+04 7.73E+03 
14 3.41E+04 4.95E+04 2.22E+03 3.10E+03 2.72E+03 3.39E+03 2.45E+04 2.41E+03 4.15E+04 3.84E+04 2.13E+03 2.49E+03 2.98E+03 3.07E+03 2.14E+03 7.96E+02 
15 5.21E+04 6.83E+04 4.31E+03 4.61E+03 7.60E+03 6.00E+03 5.08E+04 2.72E+03 4.93E+04 4.30E+04 3.01E+03 2.61E+03 3.26E+03 4.09E+03 2.30E+03 8.41E+02 
16c 2.60E+05 2.58E+05 3.95E+04 4.30E+04 4.52E+04 4.77E+04 2.60E+05 1.77E+04 7.95E+04 9.28E+04 1.56E+04 1.28E+04 1.39E+04 1.55E+04 1.33E+04 1.79E+03 
17 7.25E+04 5.78E+04 6.03E+03 4.81E+03 8.65E+03 6.89E+03 6.60E+04 2.84E+03 5.70E+04 3.42E+04 3.70E+03 2.14E+03 4.18E+03 3.56E+03 2.99E+03 7.79E+02 
18c 3.03E+05 2.58E+05 7.19E+04 4.30E+04 5.63E+04 4.77E+04 3.48E+05 1.77E+04 1.02E+05 9.28E+04 2.29E+04 1.28E+04 2.00E+04 1.55E+04 1.90E+04 1.79E+03 
19 4.34E+04 4.58E+04 3.57E+03 4.87E+03 6.24E+03 7.76E+03 4.48E+04 2.50E+03 3.61E+04 3.82E+04 2.23E+03 3.01E+03 2.75E+03 3.53E+03 1.98E+03 6.88E+02 
20 1.37E+06 1.41E+06 1.90E+05 1.81E+05 1.74E+05 1.68E+05 8.06E+05 1.02E+05 2.96E+05 3.07E+05 1.08E+05 6.81E+04 6.18E+04 6.48E+04 7.11E+04 7.93E+03 
21* 7.31E+06 6.16E+06 1.58E+06 1.71E+06 9.02E+05 7.92E+05 2.68E+06 8.47E+05 2.10E+06 1.32E+06 7.53E+05 6.26E+05 4.29E+05 5.56E+05 6.10E+05 1.27E+05 
22* 3.14E+05 2.62E+05 6.72E+04 6.27E+04 6.53E+04 6.72E+04 3.92E+05 2.69E+04 1.38E+05 1.15E+05 3.26E+04 2.23E+04 2.49E+04 2.23E+04 2.37E+04 2.69E+03 
23* 3.30E+05 4.18E+05 9.52E+04 9.23E+04 1.08E+05 1.18E+05 5.12E+05 4.18E+04 1.22E+05 1.19E+05 3.33E+04 3.24E+04 2.71E+04 2.23E+04 3.34E+04 2.84E+03 
24c 3.04E+05 3.33E+05 4.94E+04 7.62E+04 5.21E+04 7.27E+04 3.05E+05 2.49E+04 1.01E+05 9.28E+04 2.12E+04 1.94E+04 1.94E+04 2.23E+04 1.89E+04 1.99E+03 
25* 3.87E+05 3.33E+05 6.20E+04 5.35E+04 6.32E+04 6.04E+04 3.70E+05 2.14E+04 1.10E+05 9.28E+04 2.41E+04 2.06E+04 2.50E+04 1.92E+04 2.28E+04 2.22E+03 
26c 2.88E+05 3.33E+05 5.15E+04 7.62E+04 5.51E+04 7.27E+04 2.95E+05 2.49E+04 1.04E+05 9.28E+04 2.10E+04 1.94E+04 1.87E+04 2.23E+04 1.71E+04 1.99E+03 
27* 2.27E+04 2.56E+04 1.34E+03 1.14E+03 9.92E+02 7.95E+02 1.96E+03 5.00E+02 1.50E+04 1.67E+04 5.65E+02 9.34E+02 1.26E+03 2.84E+03 8.27E+02 4.42E+02 





Naphthalene Acenaphthene Acenaphthylene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene 
Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted 
29* 2.15E+05 3.33E+05 3.70E+04 3.92E+04 4.37E+04 4.59E+04 2.73E+05 1.70E+04 8.67E+04 9.28E+04 1.85E+04 1.83E+04 1.86E+04 1.49E+04 1.69E+04 1.79E+03 
30* 2.65E+05 2.28E+05 4.78E+04 4.26E+04 4.99E+04 4.49E+04 2.82E+05 2.09E+04 9.95E+04 8.13E+04 2.17E+04 1.66E+04 1.87E+04 1.38E+04 1.82E+04 1.84E+03 
31 1.16E+06 1.44E+06 1.86E+05 1.94E+05 1.77E+05 1.80E+05 6.80E+05 1.03E+05 2.55E+05 3.07E+05 8.24E+04 6.98E+04 5.07E+04 6.59E+04 6.08E+04 8.25E+03 
32 2.02E+06 1.87E+06 3.03E+05 2.65E+05 2.93E+05 2.54E+05 1.23E+06 1.69E+05 3.66E+05 3.86E+05 1.61E+05 1.18E+05 9.61E+04 7.37E+04 1.32E+05 1.24E+04 
33 5.04E+04 4.85E+04 5.17E+03 5.34E+03 8.64E+03 8.72E+03 5.07E+04 2.53E+03 5.18E+04 3.82E+04 3.42E+03 3.11E+03 3.59E+03 3.61E+03 2.51E+03 7.05E+02 
34c 3.07E+05 2.68E+05 4.88E+04 4.64E+04 4.67E+04 5.18E+04 2.85E+05 1.79E+04 1.01E+05 9.28E+04 1.78E+04 1.31E+04 1.66E+04 1.58E+04 1.47E+04 1.84E+03 
35c 2.84E+05 2.68E+05 4.64E+04 4.64E+04 4.83E+04 5.18E+04 2.86E+05 1.79E+04 9.65E+04 9.28E+04 1.79E+04 1.31E+04 1.68E+04 1.58E+04 1.49E+04 1.84E+03 
36 5.94E+04 5.23E+04 4.15E+03 3.41E+03 5.70E+03 3.89E+03 3.63E+04 2.44E+03 4.63E+04 3.84E+04 2.67E+03 2.57E+03 3.78E+03 3.14E+03 2.80E+03 8.16E+02 
37 5.89E+04 7.19E+04 4.00E+03 5.05E+03 6.04E+03 6.78E+03 4.51E+04 2.75E+03 6.15E+04 4.30E+04 3.31E+03 2.70E+03 3.63E+03 4.18E+03 2.65E+03 8.62E+02 
38 1.50E+06 1.30E+06 2.46E+05 2.00E+05 2.27E+05 1.93E+05 9.84E+05 1.08E+05 3.23E+05 3.24E+05 1.30E+05 8.54E+04 7.70E+04 5.93E+04 9.76E+04 8.04E+03 
39 4.17E+04 6.10E+04 3.88E+03 5.27E+03 5.41E+03 7.76E+03 4.04E+04 2.87E+03 2.92E+04 3.42E+04 1.78E+03 2.21E+03 2.61E+03 3.64E+03 1.92E+03 7.99E+02 
40 7.72E+05 7.21E+05 1.78E+05 1.92E+05 1.52E+05 1.69E+05 6.22E+05 8.16E+04 2.35E+05 2.59E+05 8.10E+04 7.47E+04 5.71E+04 6.64E+04 6.67E+04 7.28E+03 
41 1.19E+06 1.27E+06 1.62E+05 2.44E+05 1.73E+05 2.33E+05 7.77E+05 1.30E+05 2.45E+05 3.24E+05 8.61E+04 1.12E+05 5.12E+04 7.04E+04 6.49E+04 9.69E+03 
42 2.88E+04 4.67E+04 3.83E+03 7.00E+03 5.04E+03 1.21E+04 3.74E+04 3.12E+03 5.54E+04 3.82E+04 3.26E+03 3.00E+03 3.48E+03 4.51E+03 2.62E+03 7.90E+02 
43 1.52E+06 1.42E+06 2.49E+05 2.37E+05 2.19E+05 2.17E+05 8.36E+05 1.24E+05 2.90E+05 3.07E+05 9.64E+04 9.21E+04 6.04E+04 7.81E+04 7.14E+04 9.95E+03 
44 7.68E+04 5.89E+04 4.79E+03 4.78E+03 7.18E+03 7.40E+03 3.96E+04 2.77E+03 3.87E+04 3.42E+04 2.55E+03 2.87E+03 3.36E+03 3.39E+03 2.70E+03 7.48E+02 
45c 3.42E+05 2.62E+05 6.54E+04 4.99E+04 8.22E+04 5.74E+04 4.22E+05 1.94E+04 1.43E+05 9.28E+04 2.24E+04 1.44E+04 2.86E+04 1.69E+04 2.88E+04 1.90E+03 
46 5.37E+04 6.96E+04 5.27E+03 4.58E+03 7.10E+03 6.46E+03 6.23E+04 2.66E+03 5.84E+04 4.30E+04 3.86E+03 3.48E+03 4.14E+03 3.90E+03 3.10E+03 8.07E+02 
47 4.35E+04 5.05E+04 5.86E+03 4.52E+03 7.46E+03 5.71E+03 5.91E+04 3.01E+03 4.51E+04 3.84E+04 3.09E+03 2.48E+03 3.54E+03 3.93E+03 2.65E+03 9.18E+02 
48 6.16E+05 7.06E+05 2.02E+05 1.78E+05 1.84E+05 1.64E+05 7.53E+05 7.90E+04 2.53E+05 2.59E+05 8.55E+04 6.59E+04 6.08E+04 6.29E+04 6.88E+04 6.58E+03 
49 1.95E+06 1.84E+06 2.59E+05 2.47E+05 2.70E+05 2.48E+05 1.29E+06 1.64E+05 4.10E+05 3.86E+05 1.67E+05 1.05E+05 9.73E+04 6.99E+04 1.26E+05 1.11E+04 
50c 3.19E+05 2.62E+05 5.50E+04 4.99E+04 6.50E+04 5.74E+04 3.37E+05 1.94E+04 1.01E+05 9.28E+04 2.19E+04 1.44E+04 1.76E+04 1.69E+04 1.73E+04 1.90E+03 
51 6.13E+04 6.68E+04 3.13E+03 6.14E+03 5.74E+03 8.25E+03 3.31E+04 2.85E+03 3.37E+04 4.30E+04 1.64E+03 1.52E+03 3.05E+03 3.68E+03 1.03E+03 8.03E+02 
52 1.43E+06 1.39E+06 2.30E+05 2.24E+05 1.91E+05 2.00E+05 8.91E+05 1.06E+05 3.03E+05 3.07E+05 1.05E+05 4.69E+04 6.06E+04 5.97E+04 6.19E+04 7.38E+03 
53 1.25E+06 1.25E+06 2.15E+05 2.31E+05 2.02E+05 2.15E+05 8.34E+05 1.11E+05 2.74E+05 3.24E+05 1.10E+05 5.79E+04 6.02E+04 5.37E+04 6.73E+04 7.19E+03 
54c 3.26E+05 2.54E+05 6.24E+04 5.46E+04 5.97E+04 5.92E+04 3.09E+05 1.85E+04 9.52E+04 9.28E+04 2.01E+04 8.14E+03 1.66E+04 1.41E+04 4.83E+03 1.70E+03 
55 3.85E+04 4.84E+04 7.24E+03 4.18E+03 9.59E+03 4.83E+03 7.47E+04 2.53E+03 5.01E+04 3.84E+04 3.90E+03 1.45E+03 2.19E+03 2.75E+03 1.19E+03 7.60E+02 
56 6.04E+04 4.47E+04 5.67E+03 6.49E+03 1.06E+04 1.05E+04 5.36E+04 2.62E+03 3.11E+04 3.82E+04 2.29E+03 1.77E+03 2.02E+03 3.17E+03 2.88E+03 6.58E+02 
57 1.69E+06 1.80E+06 2.86E+05 3.05E+05 2.54E+05 2.80E+05 1.23E+06 1.75E+05 3.71E+05 3.86E+05 1.53E+05 8.13E+04 8.50E+04 6.69E+04 1.03E+05 1.10E+04 
58 7.07E+05 6.89E+05 2.09E+05 2.22E+05 1.80E+05 1.88E+05 7.28E+05 8.42E+04 2.72E+05 2.59E+05 9.20E+04 5.03E+04 5.87E+04 6.02E+04 6.02E+04 6.53E+03 
59c 2.17E+05 2.54E+05 4.70E+04 5.46E+04 4.59E+04 5.92E+04 2.71E+05 1.85E+04 8.30E+04 9.28E+04 1.86E+04 8.14E+03 1.44E+04 1.41E+04 6.11E+03 1.70E+03 
60 5.06E+04 5.65E+04 1.03E+04 6.41E+03 1.49E+04 9.40E+03 8.88E+04 2.97E+03 4.10E+04 3.42E+04 3.74E+03 1.23E+03 3.80E+03 3.20E+03 9.49E+02 7.45E+02 
61* 2.76E+05 2.82E+05 4.78E+04 4.14E+04 5.37E+04 4.48E+04 2.99E+05 1.89E+04 9.48E+04 8.13E+04 2.00E+04 2.34E+04 2.05E+04 1.63E+04 2.48E+04 1.56E+03 
62c 3.01E+05 4.06E+05 4.57E+04 7.41E+04 4.45E+04 7.26E+04 2.44E+05 2.26E+04 6.97E+04 9.28E+04 1.52E+04 2.72E+04 1.44E+04 2.62E+04 1.48E+04 1.68E+03 
63* 6.67E+05 5.05E+05 1.46E+05 8.98E+04 2.12E+05 1.18E+05 9.49E+05 3.79E+04 1.90E+05 1.19E+05 7.43E+04 4.45E+04 4.15E+04 2.62E+04 6.90E+04 2.37E+03 
64* 6.91E+05 5.69E+05 4.88E+04 5.77E+04 5.18E+04 6.92E+04 2.51E+05 2.69E+04 7.37E+04 1.06E+05 1.71E+04 3.16E+04 1.62E+04 2.07E+04 2.32E+04 1.82E+03 
65* 5.25E+05 4.06E+05 7.34E+04 5.20E+04 7.56E+04 6.04E+04 3.69E+05 1.94E+04 9.31E+04 9.28E+04 2.66E+04 2.88E+04 2.61E+04 2.27E+04 3.33E+04 1.87E+03 





Naphthalene Acenaphthene Acenaphthylene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene 
Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted 
67* 3.62E+05 4.06E+05 4.29E+04 3.81E+04 4.83E+04 4.58E+04 2.61E+05 1.54E+04 7.22E+04 9.28E+04 1.60E+04 2.57E+04 2.13E+04 1.76E+04 2.77E+04 1.52E+03 
68* 3.97E+05 3.23E+05 4.34E+04 6.10E+04 4.30E+04 6.72E+04 2.32E+05 2.44E+04 8.41E+04 1.15E+05 1.70E+04 3.10E+04 2.17E+04 2.62E+04 2.90E+04 2.25E+03 
69c 3.64E+05 4.06E+05 5.80E+04 7.41E+04 6.12E+04 7.26E+04 3.46E+05 2.26E+04 1.05E+05 9.28E+04 2.59E+04 2.72E+04 2.23E+04 2.62E+04 3.31E+04 1.68E+03 
70* 5.08E+06 6.85E+06 1.53E+06 1.67E+06 8.13E+05 7.92E+05 2.58E+06 7.75E+05 2.46E+06 1.32E+06 8.80E+05 7.89E+05 5.50E+05 6.26E+05 7.51E+05 8.76E+04 
71c 3.40E+05 3.04E+05 6.17E+04 7.63E+04 6.60E+04 6.52E+04 3.35E+05 2.25E+04 1.02E+05 9.28E+04 2.42E+04 3.08E+04 2.70E+04 3.15E+04 3.24E+04 1.80E+03 
72* 2.22E+05 2.06E+05 3.21E+04 4.27E+04 3.34E+04 3.99E+04 2.16E+05 1.89E+04 7.71E+04 8.13E+04 1.46E+04 2.66E+04 1.81E+04 1.98E+04 2.38E+04 1.66E+03 
73c 3.01E+05 3.04E+05 6.33E+04 7.63E+04 6.03E+04 6.52E+04 3.31E+05 2.25E+04 1.06E+05 9.28E+04 2.39E+04 3.08E+04 2.52E+04 3.15E+04 3.06E+04 1.80E+03 
74* 1.70E+05 3.04E+05 2.90E+04 3.93E+04 3.34E+04 4.08E+04 1.92E+05 1.53E+04 5.77E+04 9.28E+04 1.21E+04 2.92E+04 1.60E+04 2.13E+04 2.05E+04 1.62E+03 
75* 4.50E+05 4.34E+05 6.08E+04 5.94E+04 6.01E+04 6.21E+04 3.46E+05 2.69E+04 9.46E+04 1.06E+05 2.15E+04 3.57E+04 2.40E+04 2.49E+04 3.44E+04 1.95E+03 
76* 2.96E+05 3.83E+05 9.13E+04 9.24E+04 1.14E+05 1.07E+05 4.67E+05 3.79E+04 1.12E+05 1.19E+05 3.86E+04 5.02E+04 2.74E+04 3.15E+04 4.67E+04 2.55E+03 
77* 5.94E+04 2.18E+04 1.61E+03 1.14E+03 1.20E+03 6.13E+02 1.67E+03 4.47E+02 1.54E+04 1.67E+04 4.83E+02 1.77E+03 7.83E+03 4.32E+03 1.85E+03 4.10E+02 
78* 3.08E+05 2.38E+05 5.89E+04 6.28E+04 5.53E+04 6.03E+04 3.28E+05 2.43E+04 1.15E+05 1.15E+05 2.48E+04 3.51E+04 2.77E+04 3.15E+04 3.66E+04 2.42E+03 
79* 5.19E+06 5.87E+06 2.86E+06 1.71E+06 8.01E+05 7.40E+05 2.68E+06 7.73E+05 3.93E+06 1.32E+06 1.19E+06 8.61E+05 1.17E+06 7.18E+05 1.24E+06 1.01E+05 
80* 2.84E+05 3.04E+05 5.79E+04 5.36E+04 5.56E+04 5.40E+04 3.07E+05 1.93E+04 8.51E+04 9.28E+04 1.91E+04 3.26E+04 2.37E+04 2.73E+04 2.99E+04 2.01E+03 
81 5.12E+05 6.15E+05 1.38E+05 1.55E+05 1.28E+05 1.37E+05 5.06E+05 6.52E+04 1.78E+05 2.59E+05 5.65E+04 1.04E+05 5.27E+04 8.90E+04 7.27E+04 5.70E+03 
82c 3.24E+05 2.20E+05 5.44E+04 4.26E+04 5.75E+04 4.61E+04 3.17E+05 1.59E+04 1.02E+05 9.28E+04 1.95E+04 2.47E+04 2.84E+04 2.49E+04 3.41E+04 1.70E+03 
83c 1.22E+05 2.20E+05 4.32E+04 4.26E+04 4.10E+04 4.61E+04 2.59E+05 1.59E+04 9.28E+04 9.28E+04 1.92E+04 2.47E+04 2.85E+04 2.49E+04 3.26E+04 1.70E+03 
84 8.31E+05 1.26E+06 1.77E+05 2.06E+05 1.64E+05 1.83E+05 8.34E+05 1.03E+05 2.91E+05 3.07E+05 1.04E+05 1.43E+05 8.50E+04 1.10E+05 1.17E+05 8.52E+03 
85 3.51E+04 3.64E+04 5.34E+03 5.82E+03 8.66E+03 9.01E+03 5.15E+04 2.53E+03 3.63E+04 3.82E+04 2.46E+03 5.66E+03 8.41E+03 7.01E+03 3.92E+03 7.19E+02 
86 8.42E+04 4.64E+04 3.47E+03 3.95E+03 3.37E+03 5.33E+03 2.75E+04 2.25E+03 2.41E+04 3.42E+04 1.69E+03 5.43E+03 6.13E+03 5.34E+03 7.93E+03 6.82E+02 
87 1.31E+06 1.13E+06 1.97E+05 2.13E+05 2.04E+05 1.97E+05 8.78E+05 1.08E+05 2.78E+05 3.24E+05 1.16E+05 1.73E+05 7.90E+04 9.92E+04 1.16E+05 8.30E+03 
88 1.40E+06 1.64E+06 2.14E+05 2.15E+05 2.00E+05 2.10E+05 1.04E+06 1.36E+05 3.35E+05 3.86E+05 1.48E+05 1.62E+05 9.53E+04 9.85E+04 1.30E+05 9.43E+03 
89 7.62E+04 5.53E+04 4.10E+03 3.78E+03 6.38E+03 4.61E+03 3.27E+04 2.15E+03 3.13E+04 4.30E+04 1.86E+03 6.50E+03 8.91E+03 6.10E+03 9.45E+03 7.34E+02 
90 6.00E+04 3.94E+04 5.00E+03 3.73E+03 5.89E+03 4.04E+03 4.32E+04 2.44E+03 3.38E+04 3.84E+04 2.44E+03 4.75E+03 8.37E+03 6.15E+03 8.04E+03 8.33E+02 
c central points 














F.1 Experimental and predicted peak response of PAHs (continued). 
Run Order 
Benzo(a)anthracene Chrysene Benzo(b)fluoranthene § Benzo(k)fluoranthene § Benzo(a)pyrene Indeno(1,2,3-c,d)pyrene § Benzo(g,h,i)perylene § Dibenzo(a,h)anthracene £ 
Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental 
1 3.91E+03 6.50E+03 6.33E+03 7.08E+03 2.23E+03 2.45E+03 1.64E+03 1.79E+03 3.88E+03 1.10E+06 1.16E+03 7.59E+02 1.34E+03 4.59E+02 0.00E+00 
2c 5.54E+02 6.17E+02 1.57E+03 3.85E+03 9.69E+02 5.37E+02 1.44E+03 6.48E+02 5.11E+03 2.25E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
3c 5.17E+02 6.17E+02 1.27E+03 3.85E+03 9.13E+02 5.37E+02 1.39E+03 6.48E+02 4.21E+03 2.25E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
4 2.32E+03 4.03E+03 5.13E+03 7.08E+03 1.48E+03 2.00E+03 1.16E+03 1.54E+03 3.30E+03 5.76E+05 5.41E+02 3.19E+02 7.59E+02 9.75E+01 0.00E+00 
5 1.47E+02 2.22E+02 4.61E+02 2.06E+03 0.00E+00 2.21E+00 0.00E+00 2.37E+00 2.74E+03 4.84E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
6 5.14E+03 4.03E+03 9.53E+03 7.08E+03 2.44E+03 2.12E+03 1.66E+03 1.63E+03 6.80E+03 8.60E+05 6.48E+02 3.19E+02 5.96E+02 9.75E+01 0.00E+00 
7 2.05E+02 2.22E+02 5.98E+02 2.06E+03 0.00E+00 1.88E+00 0.00E+00 2.11E+00 2.19E+03 3.82E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
8 3.31E+02 2.19E+02 7.15E+02 2.06E+03 0.00E+00 1.21E+00 0.00E+00 1.69E+00 3.04E+03 3.93E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
9 2.46E+02 2.19E+02 6.49E+02 2.06E+03 0.00E+00 1.17E+00 0.00E+00 1.53E+00 2.49E+03 3.32E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
10 3.66E+03 6.50E+03 6.93E+03 7.08E+03 2.17E+03 2.47E+03 1.84E+03 1.87E+03 8.20E+03 9.16E+05 1.06E+03 7.59E+02 1.04E+03 4.59E+02 0.00E+00 
11 9.57E+03 6.50E+03 1.24E+04 6.92E+03 3.87E+03 2.65E+03 3.06E+03 1.89E+03 7.84E+03 1.28E+06 1.73E+03 7.59E+02 2.03E+03 4.59E+02 0.00E+00 
12 3.70E+03 4.03E+03 6.67E+03 6.92E+03 2.06E+03 2.17E+03 1.46E+03 1.62E+03 4.06E+03 6.88E+05 8.52E+02 3.19E+02 1.16E+03 9.75E+01 0.00E+00 
13 3.59E+03 6.50E+03 6.30E+03 6.92E+03 2.34E+03 2.51E+03 1.80E+03 1.79E+03 5.18E+03 8.92E+05 1.09E+03 7.59E+02 1.21E+03 4.59E+02 0.00E+00 
14 1.84E+02 2.19E+02 7.95E+02 2.02E+03 0.00E+00 1.27E+00 0.00E+00 1.52E+00 2.47E+03 3.72E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
15 2.95E+02 2.19E+02 1.15E+03 2.02E+03 0.00E+00 1.50E+00 0.00E+00 1.72E+00 2.50E+03 4.72E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
16c 4.90E+02 6.17E+02 1.44E+03 3.77E+03 6.78E+02 5.70E+02 9.32E+02 6.50E+02 4.18E+03 2.47E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
17 2.14E+02 2.22E+02 9.16E+02 2.02E+03 0.00E+00 2.38E+00 0.00E+00 2.36E+00 3.99E+03 5.36E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
18c 7.57E+02 6.17E+02 2.18E+03 3.77E+03 8.94E+02 5.70E+02 9.82E+02 6.50E+02 4.91E+03 2.47E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
19 1.69E+02 2.22E+02 5.29E+02 2.02E+03 0.00E+00 2.31E+00 0.00E+00 2.14E+00 1.52E+03 4.59E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
20 4.28E+03 4.03E+03 7.76E+03 6.92E+03 2.04E+03 2.15E+03 1.54E+03 1.55E+03 4.36E+03 8.38E+05 8.38E+02 3.19E+02 1.17E+03 9.75E+01 0.00E+00 
21* 8.10E+04 9.98E+04 9.98E+04 1.62E+04 2.46E+04 4.40E+04 1.70E+04 4.13E+04 3.20E+04 2.64E+06 9.62E+03 3.17E+04 8.62E+03 1.38E+09 2.30E+03 
22* 1.02E+03 7.43E+02 2.83E+03 4.94E+03 9.60E+02 7.40E+02 1.35E+03 8.42E+02 4.57E+03 3.31E+05 0.00E+00 2.81E+01 0.00E+00 1.57E+01 0.00E+00 
23* 1.65E+03 1.18E+03 2.79E+03 4.94E+03 1.73E+03 1.11E+03 1.75E+03 1.15E+03 4.31E+03 5.52E+05 4.42E+02 2.31E+02 6.67E+02 2.25E+02 0.00E+00 
24c 7.51E+02 6.17E+02 1.96E+03 4.94E+03 8.42E+02 2.18E+03 1.24E+03 3.45E+03 5.22E+03 3.30E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
25* 8.36E+02 6.17E+02 2.48E+03 4.94E+03 8.73E+02 6.60E+02 1.50E+03 8.90E+02 6.05E+03 3.71E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
26c 6.73E+02 6.17E+02 1.89E+03 4.94E+03 1.19E+03 2.18E+03 1.51E+03 3.45E+03 5.05E+03 3.30E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
27* 1.72E+02 1.40E+02 3.52E+02 1.41E+03 0.00E+00 1.70E-01 0.00E+00 2.68E-01 6.60E+02 3.76E+03 0.00E+00 1.53E+00 0.00E+00 7.09E-01 0.00E+00 
28* 8.16E+02 6.17E+02 2.69E+03 4.94E+03 8.43E+02 6.58E+02 1.16E+03 7.92E+02 4.60E+03 3.98E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
29* 7.03E+02 6.17E+02 1.94E+03 4.94E+03 9.81E+02 6.11E+02 1.27E+03 8.01E+02 4.14E+03 2.92E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
30* 7.39E+02 6.17E+02 1.95E+03 4.94E+03 9.58E+02 6.23E+02 1.31E+03 7.83E+02 5.84E+03 2.70E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
31 3.43E+03 4.03E+03 6.88E+03 6.84E+03 2.33E+03 2.18E+03 1.99E+03 1.59E+03 3.12E+03 8.26E+05 1.16E+03 3.19E+02 9.37E+02 9.75E+01 0.00E+00 
32 8.79E+03 6.50E+03 1.18E+04 6.84E+03 3.62E+03 2.68E+03 2.59E+03 1.93E+03 8.67E+03 1.27E+06 1.44E+03 7.59E+02 1.14E+03 4.59E+02 0.00E+00 
33 2.61E+02 2.22E+02 8.05E+02 1.99E+03 0.00E+00 2.40E+00 0.00E+00 2.25E+00 2.71E+03 4.45E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
34c 4.87E+02 6.17E+02 1.75E+03 3.72E+03 9.99E+02 5.79E+02 1.39E+03 6.67E+02 4.51E+03 2.42E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
35c 5.59E+02 6.17E+02 1.62E+03 3.72E+03 8.45E+02 5.79E+02 1.09E+03 6.67E+02 4.09E+03 2.42E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
36 2.30E+02 2.19E+02 1.01E+03 1.99E+03 0.00E+00 1.32E+00 0.00E+00 1.60E+00 3.19E+03 3.60E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 





Benzo(a)anthracene Chrysene Benzo(b)fluoranthene § Benzo(k)fluoranthene § Benzo(a)pyrene Indeno(1,2,3-c,d)pyrene § Benzo(g,h,i)perylene § Dibenzo(a,h)anthracene £ 
Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental 
38 5.69E+03 6.50E+03 8.07E+03 6.84E+03 2.50E+03 2.54E+03 1.72E+03 1.83E+03 5.77E+03 8.80E+05 9.80E+02 7.59E+02 9.04E+02 4.59E+02 0.00E+00 
39 1.26E+02 2.22E+02 6.72E+02 1.99E+03 0.00E+00 2.46E+00 0.00E+00 2.48E+00 1.95E+03 5.21E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
40 3.78E+03 4.03E+03 6.67E+03 6.84E+03 1.54E+03 2.20E+03 1.08E+03 1.66E+03 3.23E+03 6.78E+05 5.62E+02 3.19E+02 6.03E+02 9.75E+01 0.00E+00 
41 3.56E+03 6.50E+03 5.89E+03 7.16E+03 1.78E+03 2.54E+03 1.63E+03 1.83E+03 3.84E+03 1.05E+06 8.48E+02 7.59E+02 9.41E+02 4.59E+02 0.00E+00 
42 2.00E+02 2.22E+02 8.73E+02 2.09E+03 0.00E+00 2.40E+00 0.00E+00 2.26E+00 2.92E+03 6.40E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
43 3.84E+03 4.03E+03 7.10E+03 7.16E+03 1.85E+03 2.18E+03 1.18E+03 1.59E+03 4.25E+03 9.90E+05 5.18E+02 3.19E+02 3.63E+02 9.75E+01 0.00E+00 
44 1.73E+02 2.22E+02 1.03E+03 2.09E+03 0.00E+00 2.05E+00 0.00E+00 2.00E+00 3.00E+03 5.13E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
45c 1.16E+03 6.17E+02 2.66E+03 3.90E+03 1.17E+03 5.57E+02 1.78E+03 6.32E+02 6.56E+03 2.73E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
46 2.15E+02 2.19E+02 8.97E+02 2.09E+03 0.00E+00 1.28E+00 0.00E+00 1.45E+00 2.65E+03 4.51E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
47 1.72E+02 2.19E+02 6.83E+02 2.09E+03 0.00E+00 1.32E+00 0.00E+00 1.60E+00 2.93E+03 5.27E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
48 3.72E+03 4.03E+03 7.09E+03 7.16E+03 2.13E+03 2.06E+03 1.34E+03 1.51E+03 4.08E+03 6.72E+05 5.09E+02 3.19E+02 5.98E+02 9.75E+01 0.00E+00 
49 8.55E+03 6.50E+03 1.18E+04 7.16E+03 3.10E+03 2.52E+03 1.93E+03 1.75E+03 7.22E+03 1.26E+06 9.87E+02 7.59E+02 1.27E+03 4.59E+02 0.00E+00 
50c 5.49E+02 6.17E+02 1.79E+03 3.90E+03 8.14E+02 5.57E+02 1.03E+03 6.32E+02 3.68E+03 2.73E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
51 1.17E+02 2.19E+02 7.69E+02 1.66E+03 0.00E+00 1.16E+00 0.00E+00 9.69E-01 7.58E+02 5.51E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
52 3.99E+03 4.03E+03 6.79E+03 5.77E+03 1.97E+03 1.98E+03 1.11E+03 1.21E+03 4.30E+03 9.05E+05 5.22E+02 3.19E+02 8.44E+02 9.75E+01 0.00E+00 
53 4.73E+03 6.50E+03 6.91E+03 5.77E+03 2.01E+03 2.32E+03 1.35E+03 1.40E+03 5.63E+03 9.63E+05 7.88E+02 7.59E+02 1.10E+03 4.59E+02 0.00E+00 
54c 5.88E+02 6.17E+02 1.73E+03 3.12E+03 7.31E+02 5.15E+02 6.02E+02 4.92E+02 3.85E+03 2.74E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
55 2.40E+02 2.19E+02 8.60E+02 1.66E+03 0.00E+00 9.77E-01 0.00E+00 8.50E-01 2.68E+03 4.38E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
56 2.53E+02 2.22E+02 6.67E+02 1.66E+03 0.00E+00 1.82E+00 0.00E+00 1.23E+00 1.50E+03 5.36E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
57 6.28E+03 6.50E+03 9.10E+03 5.77E+03 2.69E+03 2.45E+03 1.75E+03 1.48E+03 6.22E+03 1.37E+06 7.91E+02 7.59E+02 1.03E+03 4.59E+02 0.00E+00 
58 3.93E+03 4.03E+03 6.59E+03 5.77E+03 1.80E+03 2.00E+03 1.08E+03 1.27E+03 3.69E+03 7.46E+05 7.43E+02 3.19E+02 8.57E+02 9.75E+01 0.00E+00 
59c 5.49E+02 6.17E+02 1.59E+03 3.12E+03 7.38E+02 5.15E+02 5.20E+02 4.92E+02 3.94E+03 2.74E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
60 1.68E+02 2.22E+02 8.54E+02 1.66E+03 0.00E+00 1.88E+00 0.00E+00 1.36E+00 3.19E+03 6.23E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
61* 7.90E+02 6.17E+02 1.82E+03 2.70E+03 9.66E+02 5.66E+02 1.01E+03 5.57E+02 3.10E+03 2.52E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
62c 4.31E+02 6.17E+02 1.08E+03 2.70E+03 8.48E+02 2.01E+03 1.07E+03 2.59E+03 2.48E+03 3.08E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
63* 2.34E+03 1.18E+03 3.73E+03 2.70E+03 1.39E+03 1.02E+03 1.08E+03 8.31E+02 3.33E+03 5.20E+05 3.52E+02 2.31E+02 5.58E+02 2.25E+02 0.00E+00 
64* 6.56E+02 6.17E+02 1.64E+03 2.70E+03 5.08E+02 5.98E+02 5.82E+02 5.63E+02 1.74E+03 3.73E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
65* 7.71E+02 6.17E+02 1.79E+03 2.70E+03 9.29E+02 6.00E+02 8.39E+02 6.36E+02 3.74E+03 3.47E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
66* 2.32E+02 1.40E+02 3.83E+02 7.48E+02 0.00E+00 1.20E-01 0.00E+00 1.07E-01 2.53E+02 3.05E+03 0.00E+00 1.53E+00 0.00E+00 7.09E-01 0.00E+00 
67* 5.83E+02 6.17E+02 1.48E+03 2.70E+03 7.92E+02 5.54E+02 7.41E+02 5.70E+02 2.16E+03 2.71E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
68* 6.25E+02 7.43E+02 1.89E+03 2.70E+03 8.85E+02 6.74E+02 7.76E+02 6.00E+02 2.67E+03 3.09E+05 0.00E+00 2.81E+01 0.00E+00 1.57E+01 0.00E+00 
69c 8.18E+02 6.17E+02 1.89E+03 2.70E+03 8.15E+02 2.01E+03 1.01E+03 2.59E+03 3.94E+03 3.08E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
70* 1.14E+05 9.98E+04 1.28E+05 9.14E+03 3.15E+04 4.19E+04 2.31E+04 3.35E+04 1.78E+04 2.53E+06 8.90E+03 3.17E+04 8.20E+03 1.38E+09 1.65E+03 
71c 9.20E+02 6.17E+02 2.23E+03 3.35E+03 8.92E+02 2.43E+03 1.10E+03 3.19E+03 4.69E+03 2.88E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
72* 5.68E+02 6.17E+02 1.41E+03 3.35E+03 1.13E+03 7.12E+02 9.72E+02 7.12E+02 3.13E+03 2.35E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
73c 8.56E+02 6.17E+02 2.05E+03 3.35E+03 1.11E+03 2.43E+03 9.72E+02 3.19E+03 1.45E+03 2.88E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
74* 4.37E+02 6.17E+02 1.24E+03 3.35E+03 5.69E+02 6.98E+02 7.35E+02 7.29E+02 2.05E+03 2.54E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 





Benzo(a)anthracene Chrysene Benzo(b)fluoranthene § Benzo(k)fluoranthene § Benzo(a)pyrene Indeno(1,2,3-c,d)pyrene § Benzo(g,h,i)perylene § Dibenzo(a,h)anthracene £ 
Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental 
76* 1.39E+03 1.18E+03 2.50E+03 3.35E+03 1.44E+03 1.26E+03 9.24E+02 1.05E+03 4.40E+03 4.90E+05 3.70E+02 2.31E+02 8.68E+02 2.25E+02 0.00E+00 
77* 1.23E+02 1.40E+02 4.18E+02 9.39E+02 0.00E+00 2.68E-01 0.00E+00 2.09E-01 5.12E+02 2.47E+03 0.00E+00 1.53E+00 0.00E+00 7.09E-01 0.00E+00 
78* 7.28E+02 7.43E+02 2.10E+03 3.35E+03 7.63E+02 8.42E+02 1.03E+03 7.66E+02 3.60E+03 2.89E+05 0.00E+00 2.81E+01 0.00E+00 1.57E+01 0.00E+00 
79* 2.38E+05 9.98E+04 2.46E+05 1.12E+04 9.11E+04 4.72E+04 9.41E+04 3.90E+04 3.93E+04 2.43E+06 2.44E+04 3.17E+04 2.43E+04 1.38E+09 4.22E+03 
80* 7.90E+02 6.17E+02 1.99E+03 3.35E+03 7.94E+02 7.53E+02 8.75E+02 8.11E+02 4.05E+03 3.26E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
81 2.99E+03 4.03E+03 5.86E+03 4.51E+03 1.68E+03 2.08E+03 1.05E+03 1.41E+03 3.60E+03 5.78E+05 7.10E+02 3.19E+02 8.85E+02 9.75E+01 0.00E+00 
82c 9.32E+02 6.17E+02 2.22E+03 2.42E+03 1.26E+03 5.64E+02 1.39E+03 5.87E+02 1.71E+03 2.26E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
83c 8.63E+02 6.17E+02 2.14E+03 2.42E+03 7.79E+02 5.64E+02 7.58E+02 5.87E+02 1.61E+03 2.26E+05 0.00E+00 1.81E+00 0.00E+00 1.44E+00 0.00E+00 
84 4.93E+03 4.03E+03 7.93E+03 4.51E+03 2.10E+03 2.20E+03 1.25E+03 1.49E+03 5.39E+03 8.64E+05 6.02E+02 3.19E+02 8.31E+02 9.75E+01 0.00E+00 
85 3.37E+02 2.22E+02 8.04E+02 1.28E+03 0.00E+00 2.47E+00 0.00E+00 1.95E+00 1.76E+03 4.88E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
86 1.46E+02 2.22E+02 5.20E+02 1.28E+03 0.00E+00 2.11E+00 0.00E+00 1.73E+00 9.19E+02 3.85E+04 0.00E+00 1.42E+00 0.00E+00 1.33E+00 0.00E+00 
87 5.00E+03 6.50E+03 7.32E+03 4.51E+03 2.35E+03 2.57E+03 1.83E+03 1.72E+03 5.42E+03 9.19E+05 8.06E+02 7.59E+02 1.45E+03 4.59E+02 0.00E+00 
88 7.55E+03 6.50E+03 9.40E+03 4.51E+03 2.81E+03 2.54E+03 1.83E+03 1.64E+03 7.63E+03 1.10E+06 1.04E+03 7.59E+02 1.45E+03 4.59E+02 0.00E+00 
89 2.19E+02 2.19E+02 6.61E+02 1.28E+03 0.00E+00 1.32E+00 0.00E+00 1.25E+00 9.28E+02 3.35E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
90 1.91E+02 2.19E+02 8.10E+02 1.28E+03 0.00E+00 1.36E+00 0.00E+00 1.38E+00 1.89E+03 3.97E+04 0.00E+00 2.35E-01 0.00E+00 5.85E-01 0.00E+00 
c central points 
* axial pints 
§ For the purposes of data processing, peak response (Y) was converted to (Y+1) for benzo(b)fluoranthene, benzo(k)fluoranthene, indeno(1,2,3-c,d)pyrene and 
benzo(g,h,i)perylene. 

















F.2 Verification of response surface models for PAHs by residual analysis 
To support the adequacy verification of the fitted model, a residual analysis was carried out by 
constructing the residual plots (Sarıkaya & Güllü, 2014; Yolmeh & Jafari, 2017). Residuals are 
the difference between experimental (y) and predicted values (y’). As shown in Figure F.2.1, 
the low value of residuals demonstrated a good agreement between y and y’. The random scatter 
of residual plots proved that the models established had good adequacy to explain how PAHs 
were affected by the four selected smoke generation conditions (Yolmeh & Jafari, 2017). To 
support the conclusion, a Wilcoxon signed rank test was conducted to elucidate if significance 
differences existed between the y and y’ of each PAH. Results (Table F.2.3) suggested no 
difference (p-value > 0.05) between y and y’ of each PAH. Thus, models were concluded to be 
adequate for the prediction of PAHs levels within the experimental ranges.  
Regarding the validation of predictive capability of the constructed models for PAHs with 
experimental trials, enriched glass wool samples were used to collect smoke condensate (as per 
Chapter 7) along with the smoke samples that were described in Section E.4. However, they 
were not able to be analysed due to the COVID-19 pandemic. From a perspective of RSM 
validation, it is indeed worthwhile to obtain that information. However, the adequacy of the 
constructed models was verified by the high R2 values, low absolute average deviation (Table 
7.2) and residual analysis. More importantly, from a standpoint of manipulating the production 
of odour-active compounds, the lack of this validation has little impact because maximal peak 
response was achieved for most VOCs at 380 °C, where only a very slight increase with relatively 





































































































































































































































































































































































































Table F.2.3 Wilcoxon signed rank test results for PAHs. 
PAHs N for Test P-Value 
naphthalene 90 0.875 
acenaphthene 90 0.863 
acenaphthylene 90 1.000 
fluorene 90 0.787 
phenanthrene 90 0.754 
anthracene 90 0.781 
fluoranthene 90 0.910 
pyrene 90 0.907 
benzo(a)anthracene 90 0.939 
chrysene 90 1.000 
benzo(b)fluoranthene 90 0.791 
benzo(k)fluoranthene 90 0.920 
benzo(a)pyrene 90 0.778 
indeno(1,2,3-c,d)pyrene 90 0.267 










F.3 GC-MS performance monitoring and sampling procedures verification 
The precision of the GC-MS system response was checked by injecting a reference standard mix (in dichloromethane/methanol 1/1, v/v) containing 
1 µg/mL of all the 16 priority PAHs assigned by the U.S. Environmental Protection Agency (EPA) once every ten injections. The response of the 
GC-MS for all PAHs showed good precision with low relative standard deviation (4.8% - 18.5%; Table F.3.1), indicating a stable mass detector 
throughout the analysis. The repeatability of the sampling procedure was evaluated by comparing the peak response of PAHs in smoke samples 
generated at central levels of four independent variables and performing a Grubbs’ test (p ≤ 0.05) to detect the presence of any potential outliers. 
Only one potential outlier was detected, which was for naphthalene detected in “run 83”. However, this outlier was kept in the modelling as no 
identifiable cause was found. The outlier check was not performed for indeno(1,2,3-c,d)pyrene, benzo(g,h,i)perylene and dibenzo(a,h)anthracene 
because they were below detection limits in smoke samples at the central point generation conditions. As shown in Figure F.3.2, the average 
recoveries of PAHs added directly to the glass wool when added were within 71.7% - 99.4% at 0.5 µg and 81.7% - 117.7% at 5 µg, respectively. 
Thus, the extraction of PAHs from enriched glass wool followed by clean-up with SPE was shown to be accurate. 
Table F.3.1 Precision check of GC-MS with PAHs reference standard mix. 
PAHs 





sequence 1 sequence 2 sequence 3 
naphthalene 446500 495825 488686 481235 546734 474637 480717 460768 484941 417881 409933 477192 472087 36120 7.7 
acenaphthene 261681 287739 285319 281872 315989 286769 286509 270880 282842 271705 268133 287732 282264 13849 4.9 
acenaphthylene 235674 262355 262384 256185 293308 258577 257704 247769 262968 236374 239564 257507 255864 15578 6.1 
fluorene 268861 313870 312329 299751 328611 299097 303241 296037 302429 278927 283953 301393 299042 16119 5.4 
phenanthrene 359092 425133 421914 408618 438757 403172 415668 402915 410533 384022 396097 406116 406003 20477 5.0 
anthracene 220684 264536 262515 256113 252346 248298 256958 246827 240053 244298 254615 261318 250713 12084 4.8 
fluoranthene 249994 302369 300715 288189 301164 283689 293563 285972 283586 282911 293272 295975 288450 14058 4.9 
pyrene 267172 324061 321213 309518 323943 303445 315424 306811 304999 304470 315012 317448 309460 15278 4.9 
benzo(a)anthracene 100737 135699 141926 129212 94892 120623 127424 130782 108890 131773 136746 134019 124394 15053 12.1 
chrysene 163731 217977 231211 208373 167930 201315 209181 212373 194478 210191 214093 219041 204158 20087 9.8 
benzo(b)fluoranthene 92784 126463 134144 122196 88700 110562 117509 125957 100567 125262 132649 126492 116940 15353 13.1 
benzo(k)fluoranthene 67813 93504 100990 92084 60893 80545 87020 94659 72090 94339 101763 95776 86790 13432 15.5 
benzo(a)pyrene 50664 69741 73536 67083 44986 59171 63480 68973 53070 69530 73541 67752 63461 9404 14.8 
indeno(1,2,3-c,d)pyrene 25411 34846 36415 32697 21263 28325 30014 34257 26244 35417 38330 33707 31410 5160 16.4 
dibenzo(a,h)anthracene 38840 51631 52736 48144 35455 42775 45643 50531 41172 51980 57009 50944 47238 6477 13.7 





Figure F.3.2 Recovery of PAHs from enriched glass wool (n=2). Error bars denote the 
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